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LIMITATIONS IN THERMAL SIMILITUDE
by Robert K. MacGregor

1,0 SUMMARY

The results of a research program to examine and define some of the
limitations in thermal scale modeling are presented in this report. The
primary objective of this program was an understanding ot the errors
inherent in scale modeling as a result of uncertainties in thermophysical
properties, geometric dimensions, and the test environment. Secondary
objectives of the program were the development of additional scaling
criteria or compromise techniques which would be applicable to a number

of special problem areas in scale modeling.

A statistical study of the errors inherent in scale modeling as a
result of uncertainties (probable errors) in thermophysical properties,
geometric dimensions, and test environment has been completed. The range
of the resulting probable errors in scale modeling has been presented as
a function of the overall scaling ratio. Thus, a limitation on the lower
bound of the scaling ratio is seen to be a function of the probable error
that the modeler is willing to accept. In general, scale ratios below

one-tenth result in excessive errors in the modeling techniques.

A study to develop scaling criteria for selected scale modeling
problem areas and to examine the errors resulting from scale modeling of
these areas has been completed, This study also includes the identifica-
tion of techniques for compromising the scaling criteria for these

problem areas. The special problem areas considered were:

1) Transient Response

2) Thermal Control Coatings
3) Multilayer Insulation

4) Thermal Gradient Effects
5) Instrumentation Effects

6) Test Environment Effects
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An expe imental program was conducted to support the conclusions
reached in the analytic studies and the error analyses. A prototype and
half scale vehicle were tested for a number of combinations of solar
illumination and internal power dissipation under a simulated space
environment. The random experimental errors observed showed good agree-

ment with the probable errors predicted by the analysis.

A detailed numerical thermal analysis was conducted to support the
test program. The numerical analysis showed good agreement with the
results of the experiments. The numerical analysis technique was also used
to correct the experimental data for compromises of the scaling criteria.
This improved the agreement between the two sets of experimental data
(model and prototype) by reducing the systematic differences resulting

from violations of the scaling criteria.

It is concluded that:

1) multilayer insulation is the major problem area in the scale

modeling of unmanned spacecraft

2) numerical analysis can be used to improve thermal scale model
experimental results by correcting for known compromises of

the scaling criteria

3) the probable errors in the experimental scale modeling study
fall within the range predicted by the statistical analysis of
errors due to uncertainties in thermophysical properties,

geometric dimensions, and the test environment.
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2.0 INTRODUCTION

The successful operatio of both manned and unmanned spacecraft in
planetary orbits or on interplanetary missions requires that temperatures
be controlled within specific ranges for spacecraft equipment, structures
and atmospheres. Desired temperature ranges are determined by the per-
formance requirements of the specific items. Most electronic, mechanical
and fluid components require, for efficient cperation, that temperatures
be maintained within the range -30 to +130°F (240-330°K) ; however,
certain components must be maintained well within this range. Batteries
for example, are required to be maintained within the range 30-100°F
(270—310°K). Structures can normally operate over a relatively wide
range of temperatures. An exception to this is the optical telescope
structure which, for reasons of optical quality, has severe limits on
temperatnre gradieats and temperature changes. Atmospheres inside a
spacacraft cabin will generally be limited in regard to temperature and
rate of temperature change, since the atmosphere must be habitable by
man. The problem of temperature control is accentuated by the varying
internal and external heat loads that a spacecraft can experience.
Equipment and occupants of a spacecraft generally will operate according
to some duty cycle which results in the internal heat load varying with
time. The spacecraft itself can experience variations in external heat
load due to orbiting through the earth's shadow or by changing orienta—

tion with respect to the sun.

Spacecraft temperature control is, then, a critical technical
problcm demanding careful design and development. Generally speaking,
the develcopment cf spacecraft temperature control systems involves a
combination of analyses and tests to design the system and to determine
the resultant distribution of temperatures throughout the spacecraft.

The analyses are normally dccomplished with the aid of digital computers,
for reasons of speed of solution and their ability to handle large
problems., Thermal tests are most often utilized in the system develop-

ment program for establishing or verifying the design concept, or for
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verifying the analytical model. These tests can also be used to
establish the performance of the resultant system under space conditions.
The latter use implies perfect simulation of the space enviromnment and
perfect modeling. If either of these conditions are not met, the test
data must be corrected for the effects of imperfect modeling or imperfect
environment simulation., Since space envirommeit simulation is normally
not perfect and thermal modeling compromises are inevitable, thermal
tests are probably best used to verify an amalvtical model that can be
used to predict the thermal performance of the system in the space
environment. As spacecraft have grown in size and complexity, larger

and more complex simulation facilities have been required to accomplish
the necessary testing. It has been postulated that use of small scale
models for thermal tests would allow the use of smaller and less

expensive test facilities and would reduce test time.

Thermal scale modeling, then, is an alternative to full-scale
thermal testing that becomes attractive when large spacecraft are
involved in projects with short development times and limited develop-
ment budgets. In addition, simplified scale models could be used early
in a development program to verify a design concept and consequently

have utility in any thermal control system development program.

The heat transfer mechanisms present in an unmanned spacecraft are
radiation and conduction; convection being absent since these spacecraft
do not normally carry atmo Hheres. Thermal scaling of such a spacecraft
is then concerned with the thermal scaling of a radiation-conduction

heat transfer system.

The basic similitude criteria for the radiation-conduction system
can be developed either from dimensional analysis or from the differential
equations necessary to describe the behavior of the system under consider-
ation. The latter technique is the preferred one when such equations
are available since it can give more direct insight into the physical

behavior of the sysctem.
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In applying the similarity ratios thus developed to the design
of thermal scale models, two techniques are generally proposed. These
are referred to as temperature preservation and material preservation.
The first of these techniques requires that temperatures be identical
at identical locations on the scale model and on the full size prototype.
This technique then allows a direct determination of prototype tempera-
ture from scale model test data. The materials preservation technique
requires that materials be identical in both scale model and full size
prototype, thus simplifying materials selection problems, but resulting
in model temperatures which do not directly compare with prototype
temperatures. Extensive studies into the derivation of the scale model-~
ing criteria and the application of these criteria to spacecraft have

been presented in References 1-42,

The heat transfer mechanisms present in manned spacecraft include
convection., Thermal scaling of manned spacecraft is then concerned with
thermal scaling of a radiation-conduction-convection heat transfer
system. Only a limited discussion of this problem exists in the
literature (References 28 and 41). A research program titled "A Thermal

Scale Modeling Study for Apollo and Apollo Applications,” is presently
in existence (References 43-48) in which an investigation is being made
of thermal scale modeling applications to radiation-conduction-convection

systems.

Limitations on the use of thermal scale models will manifest them-
selves as a limit on the major length scaling ratio., Limitations on the
maximum size, and hence the maximum scale ratio, will most often result
from the size of the space chamber and the solar simulator that is to be
utilized. Limits on the smallest feasible size model or scale model
ratio can recult from available materials, material gages, and material
properties (Reference 50). However, since the major purpose of the
scaled thei al model is to predict accurately the equivalent prototype
spacecraft temperatures, the measure of the model effectiveness is its

prediction accuracy. This is true whether the model is used to predict
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spacecraft temperatur2 parformance directly, or indirectly by verifica-
tion of an analytical model. The most significant limit on the smallest
feasible scaling ratio, then, is the desired prediction accuracy. This
desired accuracy will vary according to the program needs but probably

in most cases is on the order of 1-5 percent of absolute temperature.

The accuracy of scaled model test data is determined by the errors
or uncertainties associated with the design and fabrication of the model
and the azcuracy of the environmental simulation. The random or system-
atic experimental errors will manifest themselves in all thermal tests,
full sice o1 scaled; consequently, they will not influence the limiting
scale ratio. The errors and uncertainties associated with the scale
model design and fabrication will result from the failure of the scaled
model to .ompletely satisfy the model criteria. Tactors affecting the
scale mod<’ cGesign and fabrication can be categorized as due tco materials,

fabrication ccsts, fabrication practices, and test instrumentation.

Errors in scale model temperature predictions from the materials
standpoint can be caused by limitations on available raterials, thermo-
physical properties, and uncertainties in property values. Errors
resulting from fabrication result from dimenrsional and solid angle
tolerances. Model temperature errors can alsc be caused by the necessity
of instrumenting the model. Such items as thermocouple location accuracy,
instrumentation heat leaks, and instrumentation lead geometry can all

influence the resultant temperature prediction.

The objective in calling attention to the limitations of scale model-
ing is to better define the boundaries of the application of thermal
modeling and to see how far scaling can be carried, not that it has been
proven feasible in all typical cases. Such research is necessary to
provide the thermal desigrer with information useful in making a judgment
about the application of chermal scaling to a particular thermal design
problem. Identificationu ¢f inherent difficulties and limitations in the
techniques will aiso serve to focus future research on the more difficult

problem areas.



3.0 FUNDAMENTALS OF THERMAL SCALE MODELING

Portions of this secticn will briefly review the fundamental rela-
tions which guide thermal scale modeling techniques and the use of these
relations to correct experimental results when compromises of the scaling
criteria occar. Additionalily, the probable errors inherent in scale
modeling as a result of uncertainties in thermophysical properties,

geometric tolerances; and environment simulaticn will be discussed.
3.1 Scale Modeling Criteria

General scale modeling criteria and technique oriented criteria
(temperature and material preservation techniques) have been developed,
presented, applied, and discussed by previsus investigators (References
1-49). These general criteria are summarized in Table 1 in cartesian and
cylindrical coordinate svstems for both the general three dimensional and
two dimensicnal "geometric distortion" cases. The simplified equations
which form the basis of the temperature preservation technique of scale
modeling are presented in Table 2. The work conducted under this study
will deal only with the temperatur: preservation technique (as oppused

te material preservation) unless otherwise specifically noted.

The equation relating the thermal conductivity of the model material

to the scale ratio for the general three dimensional case

L
~

= = = (1)

is quite restrictive in verms of real materials. Figure . shows the
ranges of available thermal conductivities of the common metal alloys
(References 70-75). While the high conductivity alloys are reasonably

easy to scale, the low conductivity steels would present difficulties.

* For nomenclature, see page 17,
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As spacecraft are generally fabricated from thin structural
elements, the thermal gradient across the thickness of the element is
negligible. Under these conditions the two dimensional (geometric dis-

tortion) scaling criteria

km Lm2 ER
E; = ;-E 3 (2)
P

may be applied. This technique allows the modeler to trade-off thick-~
ness vs. conductivity. If a suitable conductivity is not available,
then a higher conductivity material may be used in conjunction with a
thinner gage, or a lower conductivity with a thicker gage combination.
Figure 2 shows this relationship between thermal conductivity ratio and

thickness ratio for a number of scale ratios.

The geometric distortion technique is not without bounds however.
The model gages must be stiff enough to support themselves and at the
other extreme, thin enough that they do not establish the gradients

within themselves that were originally assumed negligible.

One attractive poecsibility is the case of extreme geometric dis-
tortion. In this case the prototype material is also used for the model

material. Equation (2) reduced to

N

L

3
L
P o5

O‘lsﬁl

A half scale model would require gages one quarter of their
corresponding thickness in the prototype. While this does not seem
unreasonable, a tenth scale model would require gages one hundredth of
their original thickness. As the spacecraft is fabricated from the
minimal gages required for structural reasons, it would appear that the
application of extreme geometric distortion techniques is limited to

larger scale models (probably one-third scale or larger).
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As a current study (Reference 50) is investigating the limitations
in scale modeling due to available materials and gages, the subject will

not be discussed in further detail in this report.

The general equations presented in Table 1 can be formulated either
by dimensional analysis or by a non-dimensionalization of the governing
differential equation and its associated boundary conditions. If the
differential equations and boundary conditions governing the inter-
relationship between energy and temperature are expressed for a typical
nodal volume and then non-dimensionalized, the coefficient of each term
will be representative of an energy flow rate and each of the following

forms will be represented:

1) energy emitted by the nodal surface

qa = og¢ L2 T4 (4)

2) energy conducted through the element

q = kLT (5)

3) energy dissipated through internal generation

q =q9° (6)

4) energy absorbed due to external irradiation

2
q, = SL (7)

5) energy conducted across a joint interface

q, = hT (8)

6) 1internal energv change due to thermal capacity

pC L3 T

q; = -—2;'—'“- (9)
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To complete the non-dimensionalization of the equations and
associated boundary conditions, the coefficients are divided through by

one of the coefficients,

Table 3 shows the results of dividing through by the conducted
energy as opposed to the emitted energy terms. If these dimensionless
parameters can be made equal for the model and the prototype, then
solutions to the differential equation will hold for both the model and
the prototype. Equating the terms for the model to the terms for the

prototype results in .he scaling ratios as presented in Table 4.

Note that either set of equations can be reduced, by substitution
of other equations in its set, to the alternate formulation. However,

the differences between these two sets of equations will be considered

in detail in the following sections relating to the estimation of scaling

errors due to compromise and uncertainties.

While the general relationships for scale modeling utilizing various

techniques and compromises have been long established, little emphasis

has been placed on the errors inherent in scale modeling. A distinction

must be made between those errors which are introduced by reduring a real

spacecraft design to a full size thermal test model as opposed to those

errors introduced by testing a scale model of the thermal test model,

Errors, or differences between a scale model and a prototype thermal test

vehicle, occur as a result of compromises of the scaling criteria
(violations of the assumptions on which the criteria are based) or
uncertainties in thermophysical properties, geometric dimensicns, and

test environment.

10
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3.2 Compromise of Modeling Criteria

If it is necessary to deviate from the requirements of the scaling

criteria either by:

a) violation of the assumptious of preserved radiative properties
or proportionality of model and prototype material thermal

conductivities and/or capacitarces, or

b) 1inability to provide an appropriate material gage, heater

dissipation, or external environment

the general scaling criteria presented in Table 1 can be used to estimate

corrections for the experimentally determined temperatures.

If the solution to the differential equations and their boundary
conditions was available (either as a closed form or a numerical network

solution) it would be of the form
T = f[k, pcp, h, a_s € L, d, q°, S] (10)

The differences in temperature resulting from violations of the

scaling criteria could be calculated from

AT = £(x,) - f (x,) (11)

where x, are the individual parameters of Equation (10), f (xi) is
evaluated for the parameters of the model as it was built (with compromises
and violations of the scaling criteria) and f (xi) is evaluated for the
parameters of the model as it should have been built (in accordance with

the scaling criteria).
A closed form solution is generally not available. A numerical

solution could be perturbed to obtain the correction factors as will be

done in this study to adjust the model experimental results, Alternately,

11
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the range of correction factors could be estimated from the formulations

of the general scaling criteria presented in Table 4.

Consider the equations written for a solar flux input to an external

skin element:

Tm 0Lsn SFm Lm %g
T—’as 5. LK (12)
P p Fp, P
Ur
T asm SFm € 1/4
L= 2R (13)
T a S €
P s F ™m
P p

If the solar flux incident upon the model deviates from its nominal
value and the magnitude of this deviation is known, Equations (12) and
(13) can be linearized to provide an estimate of the temperature error
resulting in the model., These linearized expressions of error finally

appear in the form

ATm AsFm

T S (14)
m F

m
and

ATm 1 ASFm

T %45 (15)
m F

Thus, a two percent error in incident solar flux can result in a one-
half to two percent error in temperature at that node. Consider the
physical significance of these two alternative formulations. For the
conduction based equations the indicated energy terms are balanced at
the node by conduction. For the emi;sion based equations the indicated

energy terms are balanced at the node by emission.

12
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For the solar irradiation example chosen, the absorbed solar flux
has been conducted hLrough the shell or radiated away by the exterior
surface, respectively. When only conduction 1is involved, a two percent
error in incident energv results in a two percent error in node tempera-
ture (assuming a fixed sink condition). If the absorbed energy is re-
radiated, a one half percent error in temperature is indicated. 1In
reality, the energy is both conducted and radiated away and the error in

temperature is a function of the integrated problem,

This linearized technique utilizing appropriate alternate formula-
tions of the generalized scaling criteria may be used to estimace the
range of errors duc to violations and compromises of the scaling criteria,
but a perturbated numerical analysis is reguired to evaluate the magni-

tude of the actual error at each node.

3.3 Errors Inherent in Scale Modeling

There are errors inherent in scale modeling as a result of uncertain-
ties in

1) material properties

2) geometric dimensions, and

3) test conditions.

The sources of many cf these errors are listed “1 Table 5.

In general, these sources of error reduce to uncertainties in:
1) thermal conductivity
2) solar absorptance
3) infrared emittance
4) dimensions
5) .eater dissivation
6) solar intensity
7) instrumentation lead losses
and in the case of transient calculations
8) specific heat
9) density and

10) instrumentation response time.

13
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Scale models are usually built such that joint resistances will be
negiigible. Instrumentation lead losses and transient response considera-

tiors will be discussed separately in subsequent sections.

The remaining uncertainties in steady state scale modeling studies
have been identified and probable eriors estimated In Table 6. The
probable errors estimated are based upon properties measurement and test-
ing experience with Boeing facilities and may not be typical of the

industry.

A statistical error analysis based upon probable error (References

51-54) results in the equation

n o oar 2 2 1/2
ST =11 () (Gx) ] (16)
pe i=1 Bxi i pe
where
dTpe = the probable error in temperature
X, = the independent problem parameters
(6xi)pe = the probable errors identified for the independent parameters

The (FT/axi) terms have been calculated us. . . @ conduction based
general scaling criteria presented in Table 4. This resuits in the
"maximum" probable error as opposed to probable errors generated by the

enittance based criteria.

The probahble errors calculated for several typical model nodes are

presented in Figure 3,
An examination of the figures indicates that the non-uniiormity of

solar illumination within the chamber is the major source of probable

error for scale ratics above 0.2. Below a one-tenth scale ratio the

14
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effects of uncertainties in thermal conductivity and the effect »f a con-

stant geometric tolerance dominate the calculation of probable error.

The rapid increase of probable error below the one-tenth scalc
ratio indicates that only the most carefully conducted studies will
obtain useful results for these small scale ratios. Accurate therr:l
conductivity measurements and tightening shop tolerances could result
in accuracies greater than in.!ca%ted by this study, but only at greatly

in:reased cost.
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TABLE 3. ALTERNATE FORMULATION OF COEFFICIENTS

Energy Term

Emission

Conduction

Internal
Generation

Irradiation

Joint
Conductance

Transient Relation

Related by Related by
Conduction Emission
o€ LT3 1
k
k
1 of LT3
kLT ce L2T
SL S
kT o TA
h_ —h
kL e L2T3
P c L2 p ¢ L
3
tk toe T
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TABLE 4.

Energy Term

Emission

Conduction

Generation

Irradiation

Joint
Conductance

Transient
Relstion

D2~121352~1

ALTERNATE FORMULATION OF SCALE MODELING CRITERIA

Conduction Basis Emission Basis
T k L € 1/3
L, [.lE._E..lll 1
T k L €
P P mom
T kl Lll,3
1 [ B_P_P
T k € L
P P mom
T gk L T q° ¢ L2 1/4
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t 2 t L € 3
L™k T
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TABLE 5.

Materials
Thermal Properties
Thermal Conductivity, k

Value
Temperature Variation
Uncertainty

Joint Conductance, h

Value
Uncertainty

Specific Heat, cp

Value
Temperature Variation
Uncertainty

Density, o

Value
Uncertainty

Coefficient of Thermal
Expansion, o

Value
Uncertainty

Radiative Properties
Solar Absorptance, o

Value
Temperature Dependence
Uncertainty

Infrared Emittance, ¢

Value
Temperature Dependence
Uncertainty

LIMITING FACTORS FOR MODEL SCALING RATIOS

Dimensions
Major Dimensions, L

Value
Tolerance

Minor Dimensions, d

Value
Tolerance

Solid Angle,

Value
Tolerance

Test Environment
Heat Dissipation

Value
Uncertainty
Power Leads

Space Simulation
Background Temperature

Value
Uncertainty

Solar Beam

(Intensity, Collimation
and Spectral Match)

Value
Uncertainty

Instrimentation

Location

Tolerance

Response Time
Thermocouple Leads
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TABLE 6. T3TIMATE OF ERRORS INHERENT IN SCALE MODELING

Parameter

Thermal Radiation
(OS. €)

Solar Flux

Thermal Conductivity

Geometric Tolerances

Internal Dissipation

Thermocouples

20 Range of Error

+ 0.02

+ 4.42 Btu/Hr th

1.0 Btu/Hr Ft °R

I+

0.0026 Ft

I+

+0.01 Q

3.0 'R

|+

24

|+

1+

Probable Error

+ 0.0067

+ 1.99 Btu/Hr Ft2

o

0.337 Btu/Hr Ft 'R

I+

0.00088 Ft

0.00337 Qm

+1.01 °R
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4,0 SELECTED PROBLEM AREAS IN SCALE MODELING

In many cases the general scaling criteria nay not provide adequate
guidance for understandin; the effects of compromise in certain areas of
model constru.tion. Some aspects of the prototype vehicle may not be

amenable to modeling within the framework of the general criteria.

As an example of this. consider a thermai control coating whose
radiative properties are thickness dependent. To preserve radiative
properties, the coating thickness is preserved. As its conductivity is
unchanged this increases relatiive conduction in the paint as the scale

ratio increases.

An understanding of the errors induced by comp.aises of the scaling
criteria in selected areas and possible techniques for reducing these
errors are the purpose of this section, The selected problem areas in

thermal scale modeling to be discussed are:

1) Transient Response

2) Thermal Control Coatings
3) Multilayer Insulation

4) Thermal Gradient Effects
5) Instrumentation Effects

6) Test Environment
4,1 Transient Response

In scale modeling steady state conditions, the thermal conductivities

anu the scale model ratios are related by

r“lgl“

(17)

W,aw‘

P P

for cases in which the gradients within the materials are three dimension-

al. TFor a multi-material spacecraft this relationship is quite restrictive.
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Not only must a set of model materials be identified whose conductivities
are a fixed fraction of those of the prototype materials, but sheet

metal gages must also be fabricated to this ratio. The probable r:quire-
ments resulting for non-standard gages substantially increase the cost

of scale modeling. Fortunately, most spacecrrnft materials are thin
members with negligible gradients in one directioi. For these elements,
the thermal conductivities and dimensions are related by

2
m

=
r,aw
alga

(18)

[l
N

P P P

This relationship allows standard gages to be utilized by trading
thickness versus material conductivity. Even this approach however,
forces compromises on the scale modeler as the number of gage-conductivity
pairs is quite finite. The gages selected must be stiff enough to allow
the model to support itself and yet thin enough to insure that gradients

across the material will remain negligible.

Additionally, the transient response of the« geometrically distorted

model components is relaced to thickness and thermal capacity by

t d (o c,)
_ _m P'm (19)

m__m
t d (: c))
P P Pp

It is desirable for each model-prototype material pair to have the same
relative characteristic tiime in order for the model to have a transient

response which can be related to the prototype transient response.

Substitution of Equation (18) into (19) results in the expression

t L2k (b c)
ﬂ:J_EP_._._P..E (20)
t
L
Pl m (e,
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This equation allows one to relate the characteristic response time
for each material pair to the corresponding scale model ratio. Inherent
in this relationship is the limitation on allowable scale model ratios
if staﬁdard gages are to be utilized. This limitation was shown by
Equation (18)

dm 1/2
T ] (21)
P

r"ar*
| g

= [

o

P

This prcblem is better discussed in light of a specific example.
Consider a spacecraft which is fabricated predominantly of 6061-T6 and
7075-T6 aluminums [both 0.0625 in (0.1588 cm) thickness]. It is
advantageous to select the model materials from the materials listed in
Table 7 due to the large selection of gages of these materials available
in the company stores. This table shows the thermal conductivity and
thermal capacitance for each material at room temperature. The last
three columns tabulate the ratios of thermal conductance and capacitance
resulting from using the material to model first the 6061-T6 and then the
7075-T6 aluminums. The results are shown, based on Equation (20), in

Figure 4.

The discrete points denoted on the figure are taken from Tables 8
and 9, and represent available gages of these materials over the range

required for a nominal half scale model.

A clear cut choice of material substitutions does not occur, rather

a compromise is forced upon the designer,

a) If only steady state response is to be scaled then 0.010 gage
(0.0254 cm) 2024-0 may be substituted for 7075-T6 and 0.020
gage (0.0508 cm) 7075~T6 may be substituted for 6061-T6 to
produce, at a nominal scale ratio of 0.495, the minimum error

in modeling steady state results.
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b) If the transient sequence of events is important then 0.020
(0.0508 cm) 7075-T6 may be substituted for 7075~-T6 and 0.020
(0.0508 cm) 6061-T4 may be substituted for 6061-T6é to produce,
at a nominal scale ratio of 0.554, the minimum error in scaling

tlie transient sequence of events.

c) If both transient and steady state results are important an
additional choice is available. The 0.016 gage (0.0406 cm)
5052-0 may be substituted for 7075-T6 and 0.016 gage (0.0406 cm)
6061-T6 may be substituted for 6061-T6 to provide a compromise
solution at a nominal scale ratio of 0.513. Errors here occur
in both the steadv state and transient response scaling but the
errors are smaller than those resulting in either of the two

previous choices.

In general the utilizatjon of available materials and standard gages
will force a compromise; the extent of which will be a function of the
requirements of the project, and the magnitude of which will be a i1urnction

of the materials and gages of the prototype which is being scaled.
In extreme cases other alternates exist for the designer.

a) Only the cost factor limits the designer to existing gages. 1If

necessary, required gages may be machin d to order.

b) The thickness of an element may be chosen on the basis of the
required thermal ~apacitance. The conductivity may be reduced
to a desired effective value by slitting or by slotting the

material (References 5 and 62).

In most practical problems & compromise scolution based on standard
gages to scale the major portions of the spacecraft would be adopted.
The remaining portions of the configuration would probably be neglected,

approximated, or have special gages machined as appropriate.

30



D2-121352-1

While the number of suitable materials decreases as the scale model
ratio decreases, limitations appear more a function of the specific
materials and gages in the prototype than the general scale ratio. Due
to a fortuitous combination of mate-ials and gages on the prototype it
may be easier to build a quarter scale model than a three quarter scale
model if both tramsient and steady state scaling are required. However,
in general, as the number of suitable materjals decreases, so decreases
the possibilities of finding suitable compromise solutions at any given

scale ratio.

4,2 Thermal Control Coatings

The scaling of thermal control coatings is a potential problem area
in thermal scale modeling. Coatings are applied to virtually all
interior and exterior surfaces. To interior surfaces to promote radia-
tion interchange, and to exterior surfaces to provide desired combinations
of solar absorptance and infrared emission characteristics which govern

the overall spacecraft temperature level.

In scale modeling the presence of coatings assists to preserve the
radiative properties between model and prototype. Heowever some coatings
are applied to a thickness {10 mils) which could seriously influence the
conduction balance. The coating thickness must be maintained in order to
preserve the radiative properties of the surface but in the scale models

this results in increased conduction through the coating.

Consider the thermal control coating shown applied to some substrate

surface:
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Substrate ks

¢————— H >

The thermal resistance for normal heat transfer through the substr.te

and coating may be expressed as:

| (22)

Ratioing the thermal resistance for a model to that of the prototype

results in the equation:

Rm HE‘JE tCEtSE kcm tsm M ksm tCm
Eoaw (e 1Ig + e (23)
P m m cm sm cp sp sp cp

If the model is constructed with rigid adherence to thbe three

dimensional scaling criteria, where
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Hm wm

e = L w- L (24a)
P P

kcm tsm

— = L T = L (24b)
cp sp
sm Cem _

el L raa L (24¢)
Sp cp

then the ratio of thermal resistances reduces to:

|
x(aw

1
= = (25)
LZ

o

1f however the substrate is scaled and the coating conductivity and
thickness are preserved, Equation (23) for the ratio of thermal resistances

again reduces to

(26)

R’la?ﬁ

1
pLZ
It is apparent that should normal heat transfer through the coating

be the dominant conduction flux, no special considerations must be taken

when the coating conductivity and thickness are preserved.

The thermal resistance for conduction heat transfer along the

surface shown may be expressed as:

1

—_— 27)
(kt +kt)
S S c C

H
R=%

The ratio of thermal resistance in the model to that in the proto-

type is
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R HW (k ¢ +k t )
m_ _mp sp Sp cp cp (28)
R H Wm (k )
P P sm sm cm cm

If the model is again constructed with a rigid adherence to the
three dimensional scaling criteria as presented in Table 1, the thermal

resistance ratio reduces to

- (29)
L

,bwigw

If the substrate is scaled while the coating thickness and con-

ductivity are preserved, Equation (28) then reduces to

R 1+{k t /k t ]
= cp cp _sp Sp (30)
L2 + 0k t /k t 1]
cp cp sp Sp

<*|a

1f it is recognized that the individual thermal resistances in the

coating and substrate may be expressed as

Rs = ktW (31a)
s s
H
Rc T ktW (31b)
cc
and that their ratio is
Rs kctc
R k¢t (32)
c s s
Equation (30) can also be expressed as
Rm 1+ RS /R
T = ._.2___P.__CP_ (33)
p L +R /R

sp cp
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The ratio of heat conduction in the model to that conducted in the

prototype is

q R ATm
_m..R£ N (34)
P m P

but the three dimension criteria requires that the energy fluxes be scaled
by the square of the scaling ratio. As strict scaling requirements have
been compromised, we may use this information to calculate the tempera-

ture differences which might result, from the equation

ATm 2 Rm
ZTT =L i; (35)

which reduces, with the substitution of Equation (33), to

AT 1 +R_/R
m sp_cp
AT

= 5 (36)
p 1+ (1/L )(RSp/ch)

Figure 5 is a plot of this equation illustrating the temperature
differences which might occur for several selected scaling ratios.
Figure 5a illustrates the range of the abscissa over which several
combinations of substrates and thermal control coatings would vary.

The ranges in abscissa shown in Figure 5a are typical for 1/16 inch
(0.1588 cm) skin panels with a 10 mil exterior thickness of white paint.
Z-93 is a typical inorganic coating while B-1060 is a typical organic
coating. Both are white, low aS/e coatings whose radiative properties

are thickness dependent.

As most spacecraft would be fabricated from a variety of metallic
materials, it is evident that models in the range of one fourth to one
tenth of full size would incur considerable errors. One solution might
be to overscale the substrate to compensate for the increased conduction

in the coating when building a scale model.
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If the model is constructed with the following scaling criteria:

W
Eﬂ =L B oa (37a)
R W
P P
Kk
EEE =1L iﬁﬂ =1 (37b)
sp cp
t
EEE = B EEE =1 (37c)
sp sp

then Equation (23) reduces to:

R (k t +k t )

m _ __Sp sp cp cp (38)
R BLk t +k t

p sp sp cp cp

However, if the temperature and heat transferred both through the
coating and substrate are preserved, then the ratio of thermal resistances

must be proportional to the inverse of the square of the scaling ratio.

Thus:

k

epep * Kepbep .
== (39)

B kept 1
221+ L - (40)
L k t 2

sp sp L

or using the definition of individual thermal resistances as shown in

Equation (31):

B Rs 1
2= 1+=R (-2 (41)
L R 2

cp L
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Figure 6 illustrates this relationship for the same range of
variables as shown in Figures 5 and 5a. Here, however, a definite limita-
tion is imposed on this method of overscaling due to the fact that
eventually the coating itself conducts more energy that is permissible
for the scaled coating-substrate system, At this point, compensating by
this technique would have completely eliminated the substrate material.
This figure indicates that only the most highly conducting substrates

would allow accurate modeling below scale ratios of one-tenth.

4,3 Multilayer Insulation

The scaling of multilayer insulation is potentially the most serious
problem area in thermal scale modeling. While multilayer insulation is
used extensively on virtually all current spacecraft, the manufacture of
multilayer blankets is essentially an art with un ‘ormity of performance
difficult to obtain (References 55-64). One of the most critical para-
meters in the evaluation of blanket performance is the amount of contact
between layers of the blanket. Due to the free floating nature of the
blankets, the variety of shapes and sizes to which they are applied, and
the effects of ascent depressurizativu, the final blanket layer spacing
and subsequent interlayer contact areas are impossible to control. This
section will initially diccuss some aspects of multilayer insulation

performance and then examine the scaling of multilayer systems.

4,3.,1 Multilayer Insulation Performance.- The performance of a

multilayer system is a complex problem due to the discrete and aniso-
tropic nature of the layers. Heat transfer through the layers is a
result of radiation transport between the layers and conduction paths
through and along the layers due to interlayer contact. Consider the
following model of a multilayer system composed of a subsurface, (o),
alternate layers of spacer and radiation shields, (n) and a cover

sheet (c).
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N
o n Layers c

The low temperature space enviromment is represented by the subscript
s. The resistances pictured denote the parallel radiation and conduction
paths between the layers of insulation. For a typical element of cross
sectional area A, . will he the effective fractional contact area for con-

duction and 1-; will be the fractic-al radiation area.

Ctilizing the electrical analogy, the following equivalent thermal

reciprocal resistances mav be calculated:

1) between the subsurface and the first radiation shield

1 ,‘kn C(l‘ﬁ) 3 3
o= oA [ ————— .
- is et T [T" + TN (T, + TP + 171 G
a m =+ = -1]
(o]

2) between the n layers of insulation

| ko ~(1=7) 3 3
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3) between the nth layer and the cover sheet

¢k
1 _ m o (1-¢) 3, . -3
R A { 0.5(x +x ) + 1 1 [Tn +anc(Tn+Tc)+‘c 1 (44)
c m ¢ [:-+ E--l]
- c

4) between the c¢ ver sheet and space

3

1 g
—=A T (45)
Rd (l/ec) c
where
km = thermal conductivity across radiat?cn shield
kC = thermal conductivity across cover sheet
X = thickness of radiation shield
x = thickness of cover sheet
The energy transport across each of these thermal paths may te
evaluated from the following expressions:
1) between the subsurface and the first radiation shield
tk (1=¢) b4
q. - m _ oll=3) . -
@a® o5x STt T 1 O, -1 (46)
-+ < -1
€ €
2) between the n layers of insulation
bk (1-¢) 4 4
@) =P (r, - Ty + 2T p o (47)
A (-1 x 1 (n-l)(% RIRE n
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th

3) between the n layer and the cover sheet

sk

i (1-9) 4 4
% —— (T -T) +.Jl_________ (T -T ) (48)
O.S(xm + xcs ~ c (2 + %__1) n c

4) between the cover sheet and the space sink

E OO SN
(A)d (llec) Tc (49)

These equations may be solved simultaneously to determine the one-
dimensional energy transfer through a multilayer system as a function of
its thermal properties and boundary conditions, if the effective contact
area (!) is known. These equations can also be used to determine sensi-

tivity tc .elative cor.tact area as shown in Figures 7 and 8.

Figures 7 and 8 show the subsurface temperatures required to drive
1.0 Btu/hr ftz (0.3152 Natts/mz) and 0.1 Btu/hr ftz (0.03152 Wacts/mz),
respocidvely through insuiation systems where tiwe iduber vl iayers and
iractional conta: - -eas are variable. At large values of fractional
contact area rhe hz2at transfer mechanism is conduction dominant and the
sub svrface Jdriving temperature increases linearly with the number of
lave:rs. At mi~rimal values of contact area the radiation transport 1is

dominant.

A comparison of Figures 7 ard 8 indicates that:

1) very small chenges in fractional contact area can radically
change the dominant mode of energy transport through the
‘nsulation, and

2) as the total flux level decre:ses, the irnsulation system
becomes more sensitive to the effects of fractional contact

area.
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The extreme dependency of one-dimensional perfor .ance upon effective
contact area makes calculations of performance difficult as the contact
area is neither very uniform nor very controllable. Additionally two
dimensional effects are present in the blankets due to the presence of
seams and penetrations through the insulation. In these areas, gradients
induced along the layers result in substantial pcrallel conduction and

radiation transport (References 56 and 63).

Many current studies into the prediction of multilayer insulation
performance are continuing but results to date indicate that experi-
mental evaluations of the blanket systems are required. The question
then arises, "Is it possible to scale multilayer insulation systems

without a detailed understanding of performance ?"

4.3.2 Scaling Multilayer Insulation.- This section will examine the

relative performance of prototype and model insulation systems to
determine a set of scaling criteria which do not require a detailed under-

standing of performance.

The normal three dimensional criteria for the temperature preserva-
~ion thermal scale modeling oi spacecraft require that all dimensions
and material thermal conductivities be reduced in direct proportion to
the scale ratioc. As the insulation blankets are normally composed of
mininum gage materials (e.g. 1/4 mil mylar with a 500 X aluminum film)
and fabricated for minimum normal thermal conductivity, the application

of these scaling criteria is precluded.

It is therefore n:cessary to examine the scaling requirements for
multilayer insulation blankets in detail to see if a criteria compromise
might be effected which would allow the satisfactory scale modeling of

multilayer insulat.ion blankets.

Consider the segment of a multilayer blanket shown in Figure 9, If

this segment of an insulation blanket is treated as a three cimensional
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solid of volume LZB, the energy equation may be written (for a steady

state case with no internal general) as

3 3T 9 5T 9 aT
= (kx 5;) + g (ky ay) + 3 (kz sz) 0 (50)

The conductivities of the now anisotropic solid may be expressed as

= nt
k ky =k, 3 (51)
(1-4) A aT® Kk o 4 aT
k,%=£fe ! + o’ ] (52)
z AT AT n{2 - ¢€) B

Substitution cof Equations (51) and (52) into (50) with the change

of variables:

u = x/L v =y/L w = 2z/B (53)

D
n

T/T
o

results in the differential equation

2, 2

3 Z + 378 +_[oe L2 (l-@)T3

3u 3v n2 kit (2-¢)

k ¢ L2 2
s

] 8

8—5 =0 (54)
ow

k2 nBt

For the solution to Equaticn (54) to apply both to a prototype and

model insulation system the coefficient

2
o€ L2 (1-¢) T% + ks¢ L

{ ]
n2 kgt (2-¢) ki nEt

(55)

must be preserved between the model and the prototype.

In regions of the blanket in which the heat transfer is only one

dimensional through the blanket, Equation (54) reduces to
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3% .0 (56)

Tor this situation, no requirement is placed upon scale modeling
techniques. An identical blanket system mav be used on both the proto-

type and the model.

Ir the more general cases of two dimensional heat transfer within

the blanket the coefficient of Equation (54) must be preserved.
1f the following restrictions are placed upon the model:
1) radiative properties are preserved,

2) temperatures are preserved, and

3) 1insulation material! and fabrication techniques are preserved

[ >
-

[
=
-3

¢ = O (57)

With these restrictions the coefficient of Equation (54) related for

model (subscript m) and prototype (subscript p) becomes

2 .

o Sam g2 O ny/By) (58)
2 k +

n 2p (1 np/Bp)
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At this point a number of alternates appear.

If the thermal conductivity of the layer material is preserved and
the layer packing density is preserved, then Equation (58) reduces to

"m
B .r (59)
n
P
The number of layers could be reduced proportional to the scale ratio.
However, the number of layers being an integer places a severe limita-

tion on allowable scale ratios.

Reducing the number of layers also increases the normal heat
transfer through the blanket. This is allowed by the equations which
assume a continuous media rather than the discretized layers actually

present.

If the model blanket is constructed of the same number of layers
(nm = np) and the same packing density i maintained Equation (58)

reduces to the requirement.

— = R (60)

Thus, it is shown that a multilayer insulation blanket may be modeled by
an identical blanket if the conductivity along the layers can be reduced

by the square of the modeling ratio.

A technique for selectively reducing the lateral conductivity of the
individual material layers in the direction of the thermal flux has been
suggested by Katzoff (Reference 5). This technique consists of slitting
the layers in a direction normal to the local heat flux. For many
situations the direciion of the local heat flux will vary with the space-~
craft oriéntation. However, in regions of seams and penetrations through
the blanket, the local fluxes will be directed toward the edges of the
planket. In these regions selective slitting of the layers will aid the

scale modeling of multilayer insulation blankets.
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The increase in thermal resistance obtained by various slitting
ratios is shown in Figure 10. The results shown are taken from a recent
study (Reference 62). A further difficulty arises when effective con-
ductivity along the layers is considered.

Several recent studies (References 56, 59 axc 63) have shown that a
significant amount of energy is transported along the layers by radiation.
The radiation transport is even dominant in many cases without the
presence of extreme temperature gradients. This means that slitting must
reduce conduction heat transfer enough to scale both conduction and

radiation along the layers.

This introduces a potential limitation when the removal of all con-
duction is not sufficient to allow adequate scaling of the radiation
component alone. An understanding of performance however, would be

required to determine the slitting requirements.

If the layers are considered as discrete sheets of material the

energy conducted along the layers may be approximated by

AT

= - -°
q= klA A (61)

from the requirements for temperature preservation

q, lm Am % AL, -
Q. kA AT a O ® (62)
P £ P op L.
P
but
A = ntL

Thus Equation (62) reduces -o

kRm nm tm 2
——KQ S =R (63)
p PP
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If the layer thickness 1is preserved then

k'q'm " 2
T(-;— 't;p- = R (64)
P

Thus, in regions where energy transport down the layers is dominant,

some combination of slitting and reduction in number of layers may be

used to satisfy the scaling criteria.

One additional alternate appears feasible at this time. If the

spacecraft is fabricated such that energy loss through the insulation

is negligible compared to losses through penetrations, louver panels,

radiator plates, etc. then scaling the insulation system could be

deleted in favor of scaling the regions of dominant energy loss.

In summary, the following circumstances appear to offer some

opportunity for satisfactory scale modeling of multilayer insulation:

1)

2)

3)

4)

If energy transport through the insulation system is negligible
compared to energy losses from other portions of the vehicle,

scale modeling of the insulation system may be neglected.

If the energy transport through the insulation is normal to
the layers, no scaling is required. The prototype system can

be used on the model.

If the energy transport along the layers is dominant, a combina-
tion of layer reduction and layer slitting may be used to

satisfy scaling requirements.

If energy transport both through and along the layers is
important, slitting the blankets may be utilized to satisfy
scaling requirements. This technique is limited as the
. 1iative transport along the layers can not be effectively

ocaled in this manner.
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In conclusion it would appear that a great deal more efrort will
have to be expended on multilayer insulation technology before criteria
are developed to guide scale modeling efforts over the entire spectrum

of potential situations.
4.4 Instrmentation Effects

The mere presence of thermocouple instrumentation introduces a dis-
turbing factor to the thermal balance of - itructure. While this dis-
turbance is localized it takes place at tunc poant at which the temperature
measurement is attempted. As a result, thermocouples tend to utilize |
the smallest wire gages available in an effort to minimize the distur-
bance of the thermal halance due to the presence of an additional con-
duction path. The fine wire gage also minimizes the thermal capacity of
the thermocouple bead itself. This ~educes time lags in the instrumenta-
tion by allowing the thermocouple bead to respond to transients with the

same rapidity as the structure beirg instrumented.

Thus the testing of an appropriately instrumented protot,pe would
involve the use of an already minimal wire gage for the thermocouples.
As smaller scale models are tested it will not always be possible to
appropriately scale the instrumentation. One might even reach the point
where the presence of instrumentation introduces appreciable errors due
to conduction along the thermocouple beads. This section will examine
temperature errors which would occur for a range of cases as a result of

the presence of instrumentation.

Consider the small disk of ‘diameter Do and thickness t shown in the

following sketch:

47



D2-17 352-1

Vacuum
Chamber

Instrumentation
Pass-Through

The disk is placed in a vacuum chamber [ew = 0.90, Tw = 139°R (77°K) and
illuminated by a solar simulator of intensity FF. A thermocouple is
connected to the center of the disk. The thermocouple wire is of
diameter do’ length 1., and connected tc an instrumentation passthrough

in rhe chamber wall.

Performing a gross energy balance the following terms are obtained:

1) energy absorbed by disk

2
E(a) = 1/4 \XSD SF TTDO (65)
2) energy radiated from the disk
m DO2 4
= 9 1
E(b) 20¢e, { 7 + 7 Dot‘ T (66)
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3) energy absorbed by the wire

E(c) =q . S_ndl 67)

4) energy emitted by the wire

1
E o €y {n doLJ T (68)

(d)

the gross energy balance for the system results in the equation

[«

a S a , S dL € L
sD °F + sd Fo _ [1/2 + 2 LI, _d "o 1o TQ (69)
4e 2 D €
D EDDO o D

o]

o

The conduction boundary condition at the interface between disk and

thermocouple can be expressed as

3T 3T

k. A — = k. A (70)
D 9x disk d = 3x thermocouple
or in non-dimensional form
k - d
d disk thermocouple
Consideration of Equations 69 and 7] indicates the following
dimensionless groups which govern the solution to the problem:
1) radiative prcperties
€4 %sD ®sd
redL L (72)
D D “d
2) conductive interface
k
E‘j (73)
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3) geometric properties

d
L AY
25 = = (74)
o o (o]

This problem, shown in the preceding sketch, was solved for a
number of perturbations of the indicated dimensionless parameters. After

a number of studies it was found that:

1) If the thermocouple wires leaving the disk were shadowed from
the sun for a short distance (on the order of one foot) before
being exposed to the sun, it makes nu difference if the wires
are totally or partially shadowed. Thus, the relationship
[asd/ed] was shown to be unimportant over a reasonablie range of

values.

2) If the thermocouple wires were of length greater than approxi-
mately one foot, their overall length was found to be
unimportant. Thus the relationship [L/d ] was also dropped from

O

subsequent consideration.,

3) The ratio of emissivities [sd/eD] appeared to determine the
length of thermocouple wire for the preceding effects to become
negligible. Reasonable ranges of relative emissivities
indicated lengths or the order of a foot or less before the pre-

ceding effects become negligible,

As the thermocouple leads from a test article in a space chamber are
generally on the order of several feet these three ratios were dropped
from considerati~n  Parametric studies were made based on the remaining
four ratios. The results of these studies are presented in Fieures 11

through 14.
ae results of 4 study of relative geomeiric effects are shown in

Figures 1] and 12, The two limiting temperatures shown in Figure 12 at

large values of wire di~meter are a result of the assumed passthrough
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temperature. Two passthrough temperatures were vtilized in the calcuia-
tions, These were equel to the liquid nitrcgen wall temperature
[139°R (77°K)] and the external room temperature [S530°R (2949K) 1.

The results of a study of relative conductivity are shown in
Figure 13. The results of a study of the radlative proterties of the

target disk are shown in Figure 14.

These studies indicate that for iz2asonable ranges of the parareters
orly the effects of relative geometry are of importance. From Figure 12
it appears that negligible error will be incurred if the thermocouple
wire dismeter is two to three orders of magnitude small than the character-
istic nodal dimension. Ranges of characteristic nodal d..:nsion to

nodal thickness appear of secondary importance.

In retrospect however, a small value of the geometric ratio
(do/Do) for the indicated problem really indicates ::.a: conduction losses
from the thecrmocouple should be small relative to the input cuergy. As
the energy input was over the face of the disk, the disk thickness was
of small import. 1f the power input to the node had been by conduction
from che adjoining structure, the disk thickness would have been
significant. Our conclusions are thus limited to nodes with sola. input
and, for tvpical thermocouple gages [0.006 in. (0.0152 cm) dia.], no

severe limitation is placed on thermal scale modeling.
4,5 Thermal Gradient Effects

The presence of large thermal gradients in the apacecraft structure
can introduce errors when thermocouple locations are not known precisely.
In a spacecraft, regions of large thermal gradients would be associated
with high energy -.ources such as radioisotope poer supplies or traveling
wave tubes. U:ilizing temperature preservation tociiniques results in
gradient increases proportional to the scale model ratio. Temperature
errors resulting from imprecise thermcrcuple placement are accentuated

in the scale model.
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Errors in thermocouple location can be due b. th to placement of the
thermocouple and inability to locate the thermocouple junction with the

bead itself. Consider the thermocouple shown in the following sketch:

-
=
0n
ml-i
o—

—_— A [e——

i

e thermocouple wires of diameter d0 are placed in a structural
elemen. . thickness d. A thermal gradient [(TH - Tc)/L] is maintained
over the distance L. The thermocouple junction is located at x + do.

It is assumed that the location can be determined within the half width
of the thermocouple bead. Here the thermocouple bead is assumed to have

a characteristic dimension equal to twice the wire diameter.

The temperature at the nominal thermocouple location may be

expressed as

= X -
T TC + 7 (TH Tc) (75)

while the temperature measured by the thermocouple may range over the

follc .ing set of values

- aT
Tx +4d Tx h ox Sx (76)

differentiating Equation (75) and combining equations

Tx + d

= o _ 8 aT
T =l+7 5% (77)
X X
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when Tx is the median temperature along the section

Tx + a 2 4 -
—C a1l (& (78)
'1'x (Tu + Tc) ax

This equation is shown in Figure 15 for a range of thermocouple
sizes (for the larger wire sizes shown, this dimension is more character-
istic of a placement error than a thermocouple wire size) and in Figure

16 for a range of mean temperature levels.

For a typical thermocouple wire size [approximately 0.001 ft,
(0.03048 cm)] and temperature range, a ten thousand degree Fahrenheit
per foot (182°K/cm) gradient is required to produce a 2 percent error

in measured temperature.

It appears that extreme gradients are required to produce appre-
ciable errors in temperature. Or conversely, the scale models will be
extremely small before the normal range of gradients is magnified to the
extreme required to produce appreciable error. As always however, it is
best to select isothermal regions as thermocouple locations in order to

reduce the effects of gradient induced errors.
4.6 Test Environment

The use of a vacuum chamber to simulate the space environment
introduces several sources of error due to our inability to correctly
simulate the space environment. These errors are a result of mismatches

in the following items:

1) the solar beam
a) 1intensity
b) uniformity
c¢) collimation

d) spectral match
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2) the chamber
a) grey walls
b) background temperature

€¢) vacuum pressure.

Let us briefly examine the possible errors in temperature as a
result of some of these items. Consider the simplified model shown in

the following sketch:

A small disk of area A and solar absorptivity as is exposed to a

solar beam of intensity S_ at an off-solar angle 6. The disk is

F
surrounded by an environment with an emissivity ew and a temperature Tw'

An energy balance on the aisk with soiar irradiation and emission

to the surroundings provides a solution fcr tae equilibrium temperature

of the disk
o S_ cos @ € 1/4
- s, F w, 4
T= (D) —5— - (79

Figure 17 examines the effects of the coid wall temperature and
emissivity for a disk having the properties of a white thermal control
coating and irradiated by a normal beam of one sun solar intensity.

Most space simulation chambers are painted black and have
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liquid nitrogen shrouds, This would result in a shroud properties on
the order of a 140°R (77°K) temperature and a 0.90 emissivity. This

causes temperature errors on the order of one half of one percent.

Other studies have shown that gas convection effects are negligible
in the chamber after the pressure drops below the 10-4 to 10-5 torr

8 to 10-11 torr range

range, Most existing chambers operate in the 10°
and introduce negligible errors due to gas conduction in the chamber or

interior to the spacecraft,

Figure 18 examines the effect of solar intensity variations on the
temperature of *the disk. The local intensity in the chamber could vary
as mucn as + 5 percent, but in the central area of the beam a + 2-1/2
percent variation is more characteristic of Boeing operating experience.

This causes temperature errors in the + 1.0 to -0.2 percent range.

Figure 19 examines the effect of solar beam collimation angle on the
temperature of the disk. Typical off collimation half angles are on the
order of one to two degrees (0.0174 - 0.0348 radians) which is a
negligible error. However, poor collimation would have a larger effect

on nodes which should be shadowed and are not.

The spectral distribution of energy emitted by the solar simulator
is not a good match with the Johnscn solar curve. However, if both model
and prototype use the same coatings, then the radiative properties will
be preserved under the same source. This will result in slight differences

between space simulator and actual space performance of the same vehicle.

In actuality, these effects are characteristic of chamber testing
(References 65-69) and do not particularly reiate to limitations in model
size. Some effects vaguely relate to model size (usually resulting in an
improvement in test results when compared with full size testing) and

these are:
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1) The smaller models will tend to utilize only the central
portions of the solar beam which has greater uniformity than

the overa}l beam.

2) Local penetrations in the chamber walls (instrumentation pass-
throughs and viewing ports) will be more removed from the
proximity of the smalier vehicles, thus reducing the chances of

localized effects as a result of the penetrations.

The space simulation facility appears to provide no lower limita-
tions on size utilizing temperature preservation techniques for scale

modeling.

On the other hand the material preservation technique requires that

solar irradiation be scaled by

Sy Ly /3
=GB (80)
P m

As the scale ratio Jecreases the absorbed energy must increase out of

proportion to the scale ratio as noted in the following tabulation:

0.5 2.5
0.25 6.4
0.20 8.6
0.10 21.4

Two alternates or some combination of these are available. The
intensity of the solar beam can be increased and/or the solar absorptivity
of the surface can be increased. For example, a surface with a white
thermal control coating (us = 0,16; € = 0.9) could be modeled by a black
coating (as = 0.9; ¢ = 0.9) to provide an increase in absorbed solar
energy by a factor of 5.6, A further model increase in solar intensity

by a factor of 1.5 would allow testing of a 1/5 scale model,
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However, a limitation exists here as most existing solar simulators
are not capable of operation much above two solar constants. It would
appear that a tenth scale model would be near the limit of the lower

scaling ratio which could be tested in most existing chambers.

57



TABLE 7.

k
Material Btu/Hr Ft
6061-T6 96.6
7075-T6 75.1
2024-0 i15.5
7075-0 98.8
6061-T6 96.6
6061~T4 89.6
5052-0 79.8
7075-T6 75.1
AZ-31B 43.9
SAE 1020 37.2
AISI 4130 22,3
Type 304 9.77
Type 301 7.82
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[
(o b

Btu/Ft

38.2

40.0

38.6
38.6
36.8
40.0
26.4
55.9
54.3
59.8

55.1

)
3o

R
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k
m

.062

SELECTION OF MATERIALS FOR TRANSIENT SCALING

k

(p cP)m (p fp)m &

c k
(o p)p ( cp)p o
0.990 0.828
0.955 0.620
1.038 1.014
1.0 0.760
1.0 1.0
0.965 0.741
1.0 1.078
0.965 0.799
0.954 1.157
0.920 0.865
1.038 1.332
1.0 1.0
0.685 1.507
0.660 1.122
1.448 3.76
1.398 2.82
1.410 6.10
1.358 4.57
1.550 15.36
1.495 11.50
1.429 17.62
1.379 13.25
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Figure 7:  SENSITIVITY OF MULTILAYER INSULATION PERFORMANCE TO EFFECTIVE

CONTACT AREA (Q = 1.0 Btu/hr ft2)
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Figure 8:  SENSITIVITY OF MULTILAYER INSULATION PERFORMANCE TO
EFFECTIVE CONTACT AREA (Q = 0.1 Btu/hr ft2)
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Figure 17:  SPACE CHAM3ER SHROUD EMISSIVITY AND TEMPERATURE EFFECT
ON MODEL TEMPERATURES
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5.0 EXPERIMENTAL STUDY

The purpose of the experimental work under this contract was to
demonstrate that scale models could predict a prototype vehicle thermal
performance within the error band resulting from the uncertainties des-
cribed previously. This section will discuss details of the model design
and instrumentation, the vacuum chamber and solar simulator operating

characteristics, and the actual test conditions experienced by the models.

5.1 Model Design

The actual vehicle geometric configuration was arbitrarily selected
with ease of manufacturing being a primary consideration. While the
final design (Figure 20) did not resemble an actual spacecraft, it does
incorporate the following characteristics typical of flight hardware:

1) 1lightweight exterior skin panels

2) a relatively heavy structural frame

3) an over extended base deck which results in solar reflections
back onto exterior surfaces

4) energy sources interior to the spacecraft in discrete compart-

ments to simulate electronics components.

Previous experience had indicated that the Boeing raw materials’
stores carried a large variety of 6061-T6 and 7075-T6 aluminum plate and
structural shapes. It was thus decided to manufacture the prototype from
1/16 inch (0.1588 cm) 6061-T6 and 7075-T6 sheet stock with 6061-T6 being

the dominant material.

The diameter of the simulated solar beam in the test chamber pro-
vided an upper limit on the prototype major dimensions of approximately

42 inches (106.8 cm).
The final configuration took the form of a 20 inch (50.8 cm) cube on

a 30 inch (76.2 cm) square plate, with the basic fabrication materials
being 1/16 inch (0.1588 cm) 6061-T6 and 7075-T6 sheet stock,
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The Boeing raw materials catalog was searched to identify those
materials which are carried in a wide range of gages and structural
shapes. Those materials are identified in Tables 8 and 9 and their
thermal conductivities at 535°R (297°K) are tabulated.

The two dimensional '"geometric distortion" scaling criteria was used
to calculate the gages required in each of these materials for nominal
half and quarter scale models. The raw materials handbook was again
searched and the available gages closest to the required gages were tab-
ulated. The two dimensional scaling criteria was again used to calculate

the corresponding nominal scale ratio for the available material gages.

It is quickly evident that as one goes to smaller scale ratios the

materials and their available gages pose a severe limitation.

Examining the tabulated results indicates that for the nominal half
scale model; 7075-T6 can be substituted for 6061-T6 at a scale ratio of
0.559 and 2024-0 can be substituted for 7075-T6 at a scale ratio of 0.496.

This results in an acceptable temperature error on the order of -0.6 percent.

For the nominal quarter-scale model; Type 301 stainless steel could
be substituted for both the 6061-T6 and 7075-T6 at scale ratios of 0.255
and 0.258, respectively. This would result in a temperature error on the
order of +2.1 percent; however, changing to a 0.255 scale model ratio

would result in an acceptable error,

Under this contract however, only the prototype and half scale models

were fabricated and tested.

The overall vehicle configuration is shown in Figure 20, The per-
tinent dimensions and component design details are shown in Tables 10
through 12. The temperature dependent thermal properties of the materials

are tabulated in Appendix A,
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Table 10 indicates the gages of the structural elements which com-
prise the angle "iron'" frame, the skin panels, and the equipment deck.
As three heater elements were attached to the equipment deck it was made
of a heavier gage to force stronger conductive couplinﬁ to the structural

frame.

Table 11 indicates the dimensions and gages of the heater canister
components., The heater itself consisted of #28 gage (#36 gage on the
half scale model) nichrome wire in a helical wrap around the aluminum
silicate heater core. Both ends of the nichrome wire were staked to the
aluminum silicate where power leads (#24 gage wire) and voltage taps

(#30 gage wire) were connected.

Table 12 indicates the dimensions and gages of the heater box
components. The heater itself is identical in construction to those

used in the heater canister, but with a greater overall length.

The "angle iron" frame was welded together and the skin panels and
equipment deck were bolted to the frame. The bolts were sized and
spaced such that the joint conductance was large compared to the con-
duction paths in the skin panels. A conducting silicone grease film

along the joints also promoted conduction contact.

The heater canister and box assemblies are also bolted together in

such a manner as to minimize the resistance across the joints.

The surface finishes used on the vehicles consisted of coiubinations
of one of two thermal control coatings or bare polished metal. All
exterior surfaces were coated with the Boeing developed B-1060 white
thermal control coating. The single exception to this was the outer
surface of the closure deck which was left as bare polished metal., All
interior surfaces were coated with a Sherwin-Williams flat black thermal
control coating. The one exception to this was the single side of the

heater box which faced across the equipment deck enclosure to the two
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heater canisters. This surface was also left as bare polished metal. The

radiative properties of these surfaces are tabulated in Appendix A.

Multilayer insulation blankets were used to cover the five exposed
faces of the cubical structure for three of the eight tests, The insula-
tion blankets consisted of ten layers of radiation shields interspaced
with ten layers of spacer material, The radiation shields were quarter
mill sheets of mylar with a 270 R aluminum film on both sides. The
spacer material was a coarse mesh silk net (John Heathcote and Company,
Style No. 5-6917).

The blanket layers were bonded together with a "skip bonding"
technique which amounts to a random spacing of glue drops between layers.
The blankets were attached to the spacecraft with Velcro hook and pile
tape. Pile tabs were bonded to the spacecraft to mate with hook tabs

bonded to the blankets.

Figure 21 shows the uninsulated half model beside the insulated
prototype. The blanket joints were essentially open joints with occasional
Teflon tape splicing to avoid excessive separation at the joints and

curling of the mylar film.

Performance of this insulation system had been established by a
separate sei of tests (Reference 60). Radiative properties of the
aluminized mylar and effective conductivity of the insulation systems

are reported in Appendix A,

In Figure 21 a vent hole in the half scale model can be seen. This
was necessary to allow adequate venting of the models during chamber
pump Jown. The two small black disks in the photograph are reference

thermocouples used to monitor the chamber conditions during testing.
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5.2 Model Instrumentation

“he circuit diagram for the model heaters is shown in Figure 22,
Four regulated D.C. power supplies were connected to the spacecraft
heaters. A decade box with fixed resistance was wired in series with
each of the heaters., Voltage taps across both heater and decade
resistances lead through a switch box to a Fluke digital voltmeter. The
energy di-sipated by each of the heaters is calculated from:

(81)

P, = Power dissipated

<3
]

Voltage drop across the heater

<3
"

Voltage drop across the decade box

Decade box resistance

g’

The voltage taps across the heaters remove the energy dissipation in

the long lead wires from the calculation.

Twenty chromel-constantan thermocouples (paired wire with a double
layer of stranded fiberglass insulation) were installed in each of the
vehicles. Number 32 gage thermocouple wire was used in the prototype
and number 36 gage wire was used in the half scale model. All the wires
were taken from the same spool. The locations of the thermocouples are

shown in Figure 20.

Two additional thermocouples were staked to small aluminum disks and
used as reference thermocouples to monitor the chamber test conditions.
One disk was tied into the chamber adjacent to and facing the shrouded
cryo-wall, The other disk was supported in the vicinity of the model and

faced up into the solar beam.
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The twenty two thermocouples were calibrated relative to each other
over a 250°R (139°K) temperature range. Over this range the maximum
deviation between the twenty-two thermocouples was + 0.0002 millivolts.
This corresonds to a temperature range of t.O.OSOR (+ 0.0278°K).

The relative calibration consisted of fixing the thermocouples for
the models on a copper slug. The slug was then put in an insulated oven
fixture and all the wires were checked against each other over the entire
test temperature range. Other than the transferring of the test junctions
from the copper slug to the model, all the thermocouple circuitry for the
relative calibration was identical to that used during the tests. The

oven and the thermocouple circuitry are shown in Figure 23.

An absolute calibration was conducted on samples of wire from the
same spool at the Boeing Metrology Laboratory. This calibration has NBS
traceability and claims an accuracy of + 0.04°F (+ 0,02229K) for any
particular calibration point. This calibration data is presented in
Table 13.

TABLE 13, THERMOCOUPLE ABSOLUTE CALIBRATION

Thermocouple EMF (above ice point)

Temperature True Actual Correction
(°r) (°P) (m V) (m V) V)
492 32 0 0 0

560 100 2.2753 2,2708 + 4.5
660 200 5.8724 5.8598 +12,6
760 300 9,7112 9.6950 +16,2
860 400 13,7518 13,7378 +14,0

The digital computerized readout system utilized to obtain the test
data, over the range of the test temperatures, has a digital least count
of 0.6°R (0.334°K). As the digital least count far overshadowed the

absolute calibration error and the spread of the thermocouple readings
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observed in the relative calibration, the standard NBS thermocouple

calibration curve was used to reduce the data.

5.3 Vacuum Chamber and Solar Simulator Description

The tests were conducted in Chamber B at the Boeing Space Environ-
ment Simulation Laboratory utilizing a 4-foot (1.22 meter) solar simula-
tor. A basic description of space environment simulation techniques 1s
presented in Reference 76 and the Boeing facilities are described in
References 77 and 78. A brief description of the B chamber and 4-foot

solar simulator system follows.

General Description.~ The chamber is a vertical cylinder 10 feet
(3.048 m) in diameter and 18 feet (5.49 m) high (Figures 24 and 25). The

top head contains the ion and sublimation pumping systems and supports

the tcp and cylindrical portiocns of the cold-wall shroud, the helium cryo-
pumping array, and the 48-inch (122 cm) by 56-inch (142 cm) off-axis
parabolic collimating mirror. View ports and instrumentation feedthroughs
are contained in the chamber sidewall and bottom head. Test specimens

are usually mounted on the bottom head and raised into the test zone by

a hydraulic 1lift,

Environmental Simulation.- Vacuum pumping systems connected to the

space simulator allow a varlety of environmental conditions to be
established from launch pressure profile to long-term ultra-high vacuum

as low as 10-ll torr.

Top, sidewall and bottom cold-wall zones are cooled by 80 psia
(5.51 x 105 n/mz), subcooled, single-phase liquid nitrogen. The cold
walls can absorb a maximum flux density of 3420 Btu/hr ft2 (1076 watts/mz)
and a total of 6.83 x 105 Btu/hr (20¢ kilowatts) without exceeding
180°R (100°K) at the warmest point.
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The solar system collimating mirror, which represents a deviation
in the chamber cold wall, is constructed from a 4-inch (10.17 cm) thick
slab of stabilized aluminum, The mirror is ground, Kannigen nickel
plated, polished, vacuum aluminized, and then vacuum overcoated with
Si0x to faciiitate cleaning. Mirror temperature is controlled by paint-
ing the back and edges black, allowing heat flow to the 180°R (IOOOK)
liquid nitrogen walls., The mirror is electrically heated from the back
to keep it at a comstant 4329R (240°K) during tests (with sun on or off).
The same heating sysiem raises mirror temperatures above ambient during

the chamber warm up to prevent condensation.

Solar Simulator Performance.- Specific performance details of the

4-foot (1.22 m) solar simulator are expanded in the following paragraphs.

Solar Work Zone.- The solar beam is circular in cross section,

measuring 42 inches (106.8 cm) or more across any diameter. The height
of the work zone is 96 inches (244 cm), all in the zone of "cold black
space.” This means that the specimen cannot s«e its own reflection in

the off-axis parabolic collimator from any position within the work zone,

Beam Uniformity.- The beam uniformity is + 5 percent at the base and

upper planes and + 4 percent at the'midpoint. Change in uniformity over
the test volume is + 1 percent. Beam uniformity in the system is con-

trolled by the uniformity of the light from the nineteen 10-inch diameter
(25.4 cm) "aconic" collectors and a seven-lenticule field and projection-

lens system.

Solar Intensity.- Solar intensity is controlled by varying the lamp

current and number of lamps in operation. Up to nineteen nominal 2500-
watt Ozram XB0-2500 lamps can be employed. These lamps are operated at
up to 95 amperes current by light servo-controlled, all solid state,

2 percent ripple power supplies. Light control servos are used to com-
pensate for individual lamp degradation and use special solar cells in

the feedback loop which look past the collector at each lamp.
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Because light servos are used, the total source level is controlled
immediately upon starting of the lamps. Arc stabilization occuirs within
five minutes as lamps warm up, and light ripple in the work zone is very
low (+ 2 percent), due to mixing of nineteen lamps and the low-ripple

SCR power :upplies used.

Absolute solar intensity 1s measured using specially calibrated
total radiometers, Model DR-2 built by TRW Instruments. The output is
measured on a digital millivoltmeter with a 10-microvolt resclution.
Accuracy is + 3 percent in air, and the vacuum calibration is determined
by transfer measurements us’ng a small xenon solar simulator and a small
[30-inch by 30-inch (76.2 by 76.2 cm)] space chamber with liquid
nitrogen cold walls. The DR-2 radiometer uses a half-bridge/theirmister
detector which is half silver and half black. T!. DR-2 radiometers do
not require water cooling. Eight TRW radiometers and one Beckmann
Spectroradiometer Model W139323 are used at Boeing as to:cal and spectral

irradiance measuring devices,

Collimation Angle.- The apparent sun, as viewed from the test zone

subtends an average half angle of 1.8°,

Spectral Match.-- Table 14 represents the tabulated spectral match

of the 4~foot solar simulator system. This reading was made with a
Beckmann double-prism monochrometer using 1P28 and PbS dotectors with

0.4 mm slit width. The data were integrated over selected bandwidths

and compared with the NRL data in these bands. These data were referenced
to a 200-watt NBS standard of spectrxl irradiance as viewed directly by

the monochrometer.

Although less than 9 percent of the sun's energy falls below 4000
Angstroms, the ultraviolet match of any simulator is important in thermal
balance testing. This is true since almost all useful coatings absorb
strongly in this region but are often designed to reflect in the visible

range. Ffor example, the paints used on Mariner and Lunar Orbiter camn
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be considered. The deviation in spectral match of a solar simulator
from true conditions between 0.25 to 0.40 microns would produce a greater
error in energy absorbed than would twice the same deviation over che

whole band from 0.45 to 1.0 microns.
5.4 Test Conditions

The planned test sequence and nominal heater power levels are shown
in Table 15. The test sequence covered a variety of cases for both the
uninsulated and insulated vehicles:- The individual tests were conceived
to allow a detailed examination of the behavior of the experimental

vehicle as compared to the response of the numerical experiment.

Comparing the numerical and experimental results for test number 1
allows an evaluation of the interaction of the vehicle with the cold

space environment and direct solar irradiation.

Comparing the numerical and experimental results for test number 3
allows an evaluation of the conduction-radiation dissipation from the

heater and an evaluation of conduction paths internal to the vehicle,

Comparing the numerical and experimental results for test number 5
allows an evaluation of the conduction-radiation interchange in

geometrically complex vehicle enclosure.

Cc aparing the results for *tests number six and eight allows an
indirect evaluation of the effective conductivity of the multilayer

insulation system under sun-facing and space-facing conditions.

Comparing the experimental results of tests numbers 2, 4 and 7
allows an evaluation of thermal scale modeling of spacecraft under complex
external and internal environments. The numerical and experimental com-
parison of results further substantiates the ability of numerical methods

to model the spacectaft and their environments.
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It was planned that this sequence of tests would allow an ordered
updating of the numerical model as well as demonstrating the capabilities
of thermal scale modeling over a wide range of test couditions. In
actual practice the idealized test conditions can not be met as a result
of practical considerations. However an understanding of the actual test
conditions allows a correction of the resultant data to account for these

deviations.

The power dissipated by the spacecraft heaters during the tests is
tabulated in Table 16. The small deviations from the nominal test con-

dition are a result of:

1) inability to adjust the power supplies with adequate resolution,
and

2) the temperature dependent nature of the thermal resistance which
allowed a drift in power dissipation over the transient portion

of the test.

The non-uniformity of the solar beam results in a variation in actual
power input to each of the external surfaces from that of an idealized
one solar constant beam. Isointensity plots of the solar beam were taken
prior to each test. The isointensity plots with a plan view of the space-

craft model overlaid are shown in Figures 26 through 28.

Figure 26 shows the prototype test condition for both insulated and
uninsulated models. Figures 27 and 28 show the test conditions for the
uninsulated and insulated half scale models, respectively. The large
differences in intensity variation shown between these three plots are
not due to a normal degradation of the beam. Between each of the test
series represented by these three solar plots other test programs were
conducted, These other programs had sufficient outgassing that mirror
contamination resulted. Thus, the collimator mirror was removed and

cleaned and each of the xenon lamps was adjusted prior to the next test.

The isointensity plots were integrated over each external surface

node anc the absorbed solar load at each node was calculated using the
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surface area and solar absorptivity of each node. The resulting solar

heating rates for each exterior node have been tabulated in Table 17,

The scale modeling relations require a preservation of radiative
properties and a uniformity of solar intensity. Consequently, compromises
of the scaling criteria have resulted. However, a five percent variation
in the solar flux input only results in a one-two percent variation in

the overall vehicle temperature.

In summary, it is felt that the scaling criteria compromise result-
ing from the internal heaters and the external solar source will produce

a negligible effect when the measured temperatures are compared.

Figure 29 shows the prototype vehicle suspended in the chamber. The
thermocouple and heater leads can be seen at the vehicle base. The

chevroned liquid nitrogen wall is also visible.

Figure 30 is a view of the prototype in the chamber during the test
with the sun on. Illumination, reflection, and shadowing of and by the
bolt heads is easily visible. Shadowing of the chamber base by the model

is also noticeable.

Figure 31 shows the half scale model suspendel from a frame mounted
on the chamber base. After the prototype tests it was decided to mount
the half scale model from the base in order to simplify mounting in the

chamber and to ease access to the model.

Figure 32 shows the half scale model in the chamber during testing.
In the figure the solar reflection from the over extended base back onto
the model structure is strongly evident. Solar illumination of the
model support wires and thermocouple reference disk support wires is also

noticeable.
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The transient results for one of the tests were lost. During pro-
totype test number four the helium shroud ruptured causing a shutdown
in the test conditions until the leak was located and repaired. Rather
than open the chamber, the helium shrous was back-pumped and the test
continued. This, however, caused a two hour disruption of the transient

results.

The transient and steady state results for these tests are presented

in Section 7 of this report.
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Table 10:  STRUCTURAL ELEMENTS

STRUCTURAL FRAME

MODEL MATERIAL CONDUCTIVITY* ANGLE WEB
PROTOTYPE 6061-T6 96.6 1.0 X 1.0%* 0.125
HALF SCALE 7075-T6 75.1 0.5X 0.5 0.040

BASE DECK
CLOSURE DECK
SKIN PANELS
MODEL MATERIAL GAGE
PROTOTYPE 6061-T6 0.0625
HALF S ALE 7075-T6 0.020

EQUIPMENT DECK

MODEL : MATERIAL GAGE
PROTOTYPE 6061-T6 0.125
HALF SCALE 7075-T6 0.040

* BTU/HR FT°R
*%  DIMENSIONS IN INCHES
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Table 11:  HEATER CANISTER ASSEMBLY
B
g e
1T 1] -
P |
!
c L]
_—'E_—.{
|
|
i
I
I H
(|
—-1 G r-—
!
|
bl .
BN {
| g
| F
] T 0 II
e —
HEATER SHELL
MODEL MATERIAL A B (o D
PROTOTYPE 6061-T6 6.0 3.0 0.125 0.125
HALF SCALE 7075-T6 3.0 1.5 0.040 0.040

HEATER CORE

MODEL

MATERIAL

ALUMINUM

PROTOTYPE STLICATE 1.50 0.875
ALUMINUM

HALF SCALE STLICATE 0.75 | 0.375 | 0.1875 | 2.0 | 0.450

94




D2-121352-1

Table 12: HEATER BOX ASSEMBLY
A
- —
B
R ket BT J--._ - I =
J E G F
[ .
| ——— — i — W

1 |

HEATER SHELL

Model

Prototype

Material

Half Scale

HEATER CORE

Model

Material

Prototype gig?izzz
Half Scale Aluminum 0.75 0.375 | 0.1875] 3.0 | 0.480

95



.
-
SRR e

sl e

G el
. =

S

E

.
5
.

Sabaaaae

e

T
SNannanas

T




D2-121352-1

xog
apeoa(

% °ON
19388y -

SY431V3IH 14¥¥23IVdS 404 WYHOVIA L1INJYID 122 @4nb L4

X939 3ITOA Q

xog xog xog
apeva(d apeoa(q apeoaq
£ °"ON ¢ ‘o T "ON
1931edy PERL-ER 193e8j

(~)
2

sot1ddng asmog

¢ 1 xog yo3ITAg |

97



Dp2-121352-1

Aluminum
Tubing

Copper Slug
Insulation
A-j

e — - o — — S t— " o— —

Tt —— A‘J ™~ 1

T Section A-A
Heating Elements

Thermocouple Calibration Oven
(Approximately 30" Long x 4" Diameter)

Isothermal Thernocouple
Plug Box Switch Box
[ o o o & o0 4
1 'X-
::3, f @
'R
)] -
7 -
g
Thermocouple| Copper
Leads Leads
.
Ice Bath K-3 Null
Reference Potentiometer Indicator

Figure 23: THERMOCOUPLE RELATIVE CALIBRATION CIRCUITRY
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PUMPS

Collimating

18.0' Shielded (Mirror Out)

B

15.0' (Solar Off)

i

8.0' (Solar On)

|
-

Mirror

_____ 1
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Figur. 25:

Vacuum Chamber

Transfer Optics
and Beam Douser

Solar Simulator
Lamp House

IATATA

Xenon
Arc
Lamps

\

SCHEMATIC OF BOEING SPACE ENVIRONMENT
CHAMRER "B" WITH SOLAR SIMULATOR
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TABLE 14, SOLAR SIMULATOR SPECTRAL DISTRIBUTION

N.R.L. Percent
Bandwidth Simulator Output Solar Output Deviation
(microns) (watts/mz) (watts/mz) From N.R.L.
0.25-0.35 39.50 62.82 -37.1
0.35-0.40 71.84 61.42 +17.0
0.40-0.45 74.48 95.90 -22.3
0.45-0.50 84.47 106.19 -20.4
0.50-0.60 168.87 191.25 -11.7
0.60-0.70 153.16 161.94 - 5.4
0.70-0.80 137.68 127.03 + 8.4
0.80-0.90 97.57 100.52 - 2.9
0.90-1.00 86.52 80.96 + 6.9
1.00-1.20 140.14 121.46 +15.4
1.20-1.50 131.67 111.68 +17.9
1.5°-1,.80 88.43 61.84 +43.0
1.80-2.20 53.66 44,25 +21.3
2.20-2.50 18.29 19.13 - 4.4
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Uninsulated Vehicle

Test #1
Solar
Power

Test #2
Solar
Heater

Test #3
Solar
Heater

Test #4
Solar
Heater
Heater
Heater

Test #5
Solar
Heater
Heater
Heater

#1

1

#2
#3
#4

#2
#3
#4

Insulated Vehicle

Test #6
Solar
Power

Test #7
Solar
Heater
Heater
Heater

Test #8
Solar
Heater
Heater
Heater

#2
#3
#4

#2
#3
#4
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TABLE 15.

* Heater power levels (Btu/hr)

TEST SEQUENCE

Prototype

off

off
120.0%*

120.0

80.0
120.0

off

60.0
80.0
120.0

off

60.0

80.0
120.0
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EXPERIMENTAL HEATER POWER

TABLE 16.
Test Vehicle*
One
2 P 119.62
H 30.14
3 P 119.84
H 30.10
4 P 0
5 P 0
H 0
7 P 0
H 0
8 P 0
0

* P = Prototype Vehicle
H = Half Scale Vehicle
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Heater Power (Btu/hr)

Two

60.01
15.01

690.25
15.04

60.07
15.19

60.29
15.21

Three

0

80.56
20.13

80.81
20.15

80.65
20.20

80.93
20.23

Four

119.59
30.11

119.84
30.13

119.37
30.02

119.57
30.01
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@ Node/Thermocouple No. 59

w

A-1200 Solar Simulator ~—
Pretest Calibration 5-12-69 1.04
35.0 Inches Above Base Plane N —1.02
1.00
Spectral Distritution 0.98
0.96

0.25 - 0.40pn = 115.8 watts/m2 L 0.9
0.40 - 0.70pu = 496.9 watts/m2
0.70 - 2.50p = 733.6 watts/m2

Figure 26:  SOLAR SIMULATOR ISOINTENSITY PLOT
OVERLAID BY PROTOTYPE PLAN VIEW
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@ Node/Thermocouple No. 59 g

7 ™~ . Beam Perimeter

N
7 N

\ /
\ /
\ - /
~ 7~
7‘ e a— !

1.03 — | :» 1-1.00
1.02 — | 0.98
1.00 ——J N L— —0.9

0.94

A-1200 Solar Simulator

Pretest Calibration 6-6-69
24.0 inches Above Base Plane

i ose 27: SOLAR SIMULATOR ISOINTENSITY PLOT OVERLAID
BY HALF SCALE MODEL PLAN VIEW
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@ Node/Thermocouple No. 59

. Beam Perimeter

A /
40
= A
/'
0.98
1.04 — L 0.96
1.02 — N. 0.94
1.00

A-12" Solar Simulator

Pretest Calibration 6-26-69
24.0 Inches Apove Base Plate

Figure 28: SOLAR SIMULATOR ISOINTENSITY PLOT OVERLAID
BY INSULATED HALF SCALE MODEL PLAN VIEW
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TABLE 17. EXPERIMENTAL SOLAR LOADS

External Solar Loads (Btu/hr)

Node Prototype Half Scale
Prototype Half Scale Insulated Insulated
57 3.520 1.252 3.285 1.564
58 94.71 21.748 92.068 23.965
59 61.46 14,556 59.379 14,502
60 95.84 21.791 93.163 23,965
61 62,93 14.499 61.800 14,221
62 8.94 1.977 8.46 2.199
63 8.94 1.977 8.46 2.199
64 8.89 1.985 8.41 2.242
65 8.89 1.985 8.41 2,242
66 9.05 1.981 8.56 2,199
67 9.05 1.971 8.56 2,199
68 9.10 1.977 8.62 2,199
69 9.10 1.977 8.62 2,199
71 0.987 0.329 1.000 0.316
72 0.987 0.329 1.000 0.316
73 0.981 0.331 0.993 2.322
74 0.981 0.331 0.993 0,322
75 0.998 0.330 1,011 0.316
76 0.998 0.330 1.011 0.316
77 1.004 0.329 1.017 0.316
78 1.004 0.329 1.017 0.316
79 75.81 18.782 53.227 13,032
80 75.66 18.838 53.123 13,032
81 76.25 18.801 53.538 12,904
82 75.88 18.764 53.279 12.904
Total 701,96 167.509 598.004 150.307
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Figure 30: PROTOTYPE VEHICLE DURING TEST
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Figure 32: HALF-SCALE VEHICLE DURING TEST
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6.0 NUMERICAL ANALYSIS

There are several reasons for the substantial numerical analysis
which has been performed for these vehicle configurations. First, a
comparison of analysis and experiment allows a better understanding of
the accuracy and limitations of numerical techniques. Second, the
numerical model can be used to correct experimentally obtained tempera-
tures for known compromises of the scaling criteria. Finally, a verified
numerical model can be quickly "tested" for many environmental situations
while actual chamber testing is expensive, time consuming, and is often

unable to provide the desired external environﬁental heat loads.

This section will discus. the nodal network system of thermal
analysis, the Boeing computer programs utilized to perform the calcula-
tions, and the nodal models established for the vehicles and the space
simulation chamber.

6.1 Thermal Analysis

6.1.1 Network Thermal Analysis Technique.- Network thermal analysis

(References 79-82) reduces to a node by node solution of the general
energy equation as applied to each node and its interaction with adjacent

nodes. -

The energy equation for discrete nodal analysis can be written as:

© s + T K. (T.-T)+ 3 5 (1%-1 4 (82)
17 ot S L I Rt 1

Numerical values for the various terms are calculated as follows:

1) Node thermal capacitance for transient calculations is defined

as

Ci =0y Vi Cpi (83)
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where:
C1 = node thermal capacitance
pi = temperature dependent density
Vi = nodal volume
cpi = temperature dependent thermal capacity

2) Source terms (Si) at the individual nodes are a result of either
internally dissipated energy or energy absorbed by the exterior
surfaces as a result of incident solar, albedo, or planet shine
fluxes.

3) Conduction connectors between nodes i and j have a conductance

defined as
Kij - ik-A— (84)
13
where:
Kij = conductance

k = temperature dependent thermal conductivity of the material
= cross-sectional area of the conduction path

Lij = Jength of the conduction path

4) Radiation connectors between nodes i and j have a radiant
exchange coefficient defined as

S, . =0 A Fi

ij i (85)

3

where:

radiation conductance

L2
L}

Stefan-Boltzmann constant

Q
L]

nodal surface area

oy
]

radiation interchange factor

i3
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The energy equation for each node is evaluated numerically by a
thermal analyzer program. The coefficients (either as constants or
temperature and/or time dependent functionals) of Equation 82 must be
provided to the program in order to obtain a solution for temperature

distribution in the structure.

From the geometry and constituent materials of the structure the
conductance and capacitance terms can be evaluated. A radiation inter-
change factor program utilizes the radiative properties of the materials
and the configuration geometry to evaluate the radiation interchange
factor. As the external environment for these tests consisted only of
collimated solar energy, the radiation interchange factor program was

also used to evaluate solar fluxes incident on the exterior nodes.

The following paragraphs briefly described pertinent features of the
Boeing Radiative Interchange Factor Program and the Boeing Thermal
Analyzer Program which were used to perform the mumrarical calculations

reported in this study.

6.1.2 The Boeing Radiative Interchange Factor Program.- The

Thermal Radiative Interchange Factor Program (References 84 and 85) is a
Monte Carlo program for the calculation of radiant interchange factors
among a set of surfaces in a vacuum (or a radic:ively non-participating
medium). This surface geometry is described ir terms of frimary surfaces
and nodal or viewing surfaces. The primary surfaces are complete paral-
lelograms, trapezoids, discs, spheres, skewed cylinders, and cones. The
nodal surfaces are sectors of the primary surfaces definable in terms of
their natural coordinates, as indicated schema ically in Figure 22 (i,e.
a nodal surface of a sphere is the domain betw.en any two parallels and
any two meridians; axial orientation of the sphere is arbitrary). A
single nodal surface may comprise a complete primary surface. Alterna-
tively, one or more nodal surfaces may completely or incompletely cover

a primary surface,
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The nodal surfaces are the physically meaningful surfaces treated
in the analysis. The reasons for adopting this geometric definition
system (i.e., nodal surfaces defined as segments of primary surfaces),
as opposed to the completely independent definition of each nodal

surface are three-fold.

First, this system of geometric definition reduces the amount of
information necescary to describe system geometry and therefore eases
storage requirements. Second, input effort and chances of input error
are reduced. Third, machine time requirements are reduced. These advan-
tages become very great when the average number of nodal surfaces per
primary surface is large (as in a tankage enclosure where a small group
of spheres and cylinders are subdivided into many nodes). When the
average number nodal surfaces per primary surface approaches unity, tﬁe
advantages vanish. However, even then the primary and nodal surface

definition system incurs no disadvantage relative to alternative systems.

For whatever system of nodal surfaces is input, a matrix of inter-
change factors, Fij or the equivalent, can be computed directly on the

basis of Seban's specular-diffuse model. Alternatively, can be

F
i3
determined approximately from a matrix of exchange factors Eij

using this program. In the absence of non-black surfaces and specular

computed

reflection components, Fij reduces to the geometric view factor matrix
Fij.

The underlying theory of these calculations has been covered in

detail elsewhere (Reference 84) and will be only briefly discussed here.

Energy is emitted from a node as a discrete particle with a given
energy level., Two random numbers are chosen to determine the point of
emission on the nodal surface, The random numbers are chosen from a
uniform distribution which eventually results in a uniform distribution

of emission points on the nodal surface.
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Two additional random numbers are chosen to determine the direction
(azimuth and polar angle) of emission. A sufficient number of emitted
particles will result in a Lambertion distribut’on of emitted energy from

the surface.

The emitted particle is now followed in its path through the enclo-
sure. As it strikes a surface in the enclosure a random number is
generated and checked against the absorptivity, reflectivity and trans-

mittance of each surface.

The tally scheme obeys the following rule:

AV=0 V ifV>a (86a)
AV =V if V<aandR<a (86b)
AV = 0 if V<aand R > a (86¢c)

where:
AV is the energy increment tallied on each surface struck
V 1is the energy remaining in the photon at each instant

R 1is a raadom number selected at each surface intersection

If partial absorption or no absorption occurs [cases (a) and (c)]
at the surface then the random number is used to determine the mode of
reflection (specular or diffuse) or transmission (straight through or
diffuse),

The energy bundle is followed around the enclosure until its path

is termined by:

1) total absorption of the remaining energy,

2) escape to space from the enclosure, or

3) arbitrary termination after sufficient partial absorptions that
the energy remaining is a small fraction of the initially

emitted energy level.
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The radiative interchange factors are taken as the sum of the energy
absorbed by each receiving node divided by the total energy radiated by
the emitting node.

This tally scheme has zero systematic error (assuming a '"perfect"
set of uniformly distributed random numbers) and a random error which

decreases as the number of energy bundles emitted increases.

Many special features have been incorporated into the Boeing Radia-
tive Interchange Factor Program. These are described in detail in
References 84 and 85 but those options utilized in this study will be

noted below.

One subroutine causes a surface to emit uniform and collimated
radiation. This allows any of the plane primary surfaces to be used as

an emitter to simulate solar irradiation.

The program has the capability to handle calrulations at two wave-
lengths. In general usage this allows simultaneous calculations at

integrated solar and infrared wavelengths.

The collimated emission routine was used to simulated solar
irradiation of the test vehicles. Adsorption at each of the external
nodes was calculated as a heating rate and input to the thermal analyzer

as a source term.

The radiative interchange factors are input to the thermal analyzer

program as the coefficients for the radiation connectors between nodes.

6.1.3 The Boeing Thermal Analyzer Program.- Analysis of the thermal

model started with the development of a discretized thermal network,

All significant thermophysical properties and heat transfer modes have
been represented. Isothermal areas are generally selected as nodes.
Areas with uniform thermal properties and uniform interactions with the
system boundary conditions (insulation or internal heat generation) were

used.
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The Boeing Engineering Thermal Analyzer program will be used to
reduce the thermal analysis network and its time varying boundary con-
ditions to a node by node temperature history of the model, This program
is described in Reference 86,

The program uses relaxation techniques to compute equilibrium
temperatures and fcrward differencing with refined time step control to
compute transient temperatures. Pertinent capabilities of the program
are:

1) Temperature dependent conductors may be used to represent

material with variable conductivity.

2) Radiation conductors which vary with the temperature of

emitting-receiving surfaces can be used.

3) Time or temperature dependent heat loads may be applied to

any node.

The Boeing Thermal Analyzer is comparable to the NASA CINDA 3G
Program in basic capability. The major difference is the large subroutine
library available with CINDA which gives increased generality but results

in a reduction in maximum problem size,
6.2 The Nodal Model

Numerical modeling of the experiment requires modeling not only of
the vehicle but modeling of the space simulation chamber as well. The
finite size of the chamber and its non-black character allow inter-
actions which are not present under space conditions. Solar beam
reflections and reflections of vehicle emitted energy back onto the

vehicle force a consideration of the chamber in the numerical model,

Numerical modeling involves dividing the vehicle into a finite number
of nodes. Each node being ideally an isothermal element of volume. The
nodes are connected to each other by conduction and radiation paths. The

presence of a gas in :oduces additional convection paths which were not
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present in this study. The greater the number of nodes, the more
acurately the numerical solution approaches an analytic solution to the

governing differential equations.

In actual practice two nodal models are used, The detailed nodal
model is used for thermal analysis while a simplified model is used to
determine the coefficients for radiation interchange between surfaces.
As conductivity is not a consideration in these latter calculations,
only those nodes which have significant surface areas or high tempera-~
tures must be considered. Structural elements of high conductance but
minimal surface area, for example, the structural frame used in this
study, can be omitted from the radiation nodal network with a negligible
effect on the final thermal analysis.

Figures 34 and 35 show the nodal subdivision of the model used to
compute the radiation interchange factors. Figure 36 shows  the nodal
subdivision of the vacuum chamber and solar collimatiﬁg mirror. The
solar collimating mirror is approxiﬁated by a disk. One of the inter~
change factor program options allows emission normal to the emitter
surface. This allows a disk to emit a collimated beam of energy to

simulate a solar source,

The radiative properties of the spacecraft surfaces are presented
in Appendix A. The radiative properties of the space chamber walls
(both flat end surfaces and chevroned cylindrical shroud are presented
in Table 18,

TABLE 18, CHAMBER RADIATIVE PROPERTIES

Base Shroud
as 0.94 0.98
€ 0.88 0.94

The matrix of radiation interchange factors for the uninsulated

spacecraft is presented in Appendix B.
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To simulate the insulated spacecraft configuration, o~her nodal
surfaces are defined over the insulated surfaces. These surfaces have
the radiative properties of aluminized mylar and represent the outer
layer of insulation. The matrix of radiation interchange factors for

the insulated spacecraft configuration is presented in Appendix C.

The radiation interchange factors presented in Appendices B and C
are input to a network thermal analysis as the coefficients of radiant
exchange between nodes. Figures 37 and 38 show the detailed nodal
network established for thermal analysis. In addition to those nodes
existing for the radiation interchange analysis, 56 nodes (nuubers 1-56)

have been defined over the structural frane.

The conduction connectors between these nodes have been detailed in
Figures 39 through 45. Conductors in the structural frame and skin
panels are shown in Figures 39 through 43. Conductors in the heater

canisters and the heater box are shown in Figures 44 and 45, respectively.

In the cases where multilayer insulation blankets have been added
to the vehicle structure, nodes representing the blanket have been added
over the skin panel nodes covered by insulation. The radiation inter-
change factors for the insulated spacecraft are presented in Appendix C.
Conductors have also been added between the skin nodes and the insulation

nodes.

An energy balance on the insulation consists of an effective con-
ductance through the insulation to the skin panels below and radiation to
space based on the radiation properties of the outer layer of insulation
The effective conlductance was experimentally evaluated for similar blanket

configurations and is presented in Appendix A.
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Segments of Parallelograms Segments of Trapezoids

Segments of Discs

Segments of Spheres

Segments of Cylinders Segments of Cones

Figure 33:  PRIMARY SURFACES AND TYPICAL NODAL SURFACES
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Figure 36: NODE NOMENCLATURE - VACUUM CHAMBER AND SOLAR SIMULATOR

125



J4NSOTINI HI30 3SYE---IYNLYIIONIWON Q0N YIZATYNY TWWHIHL /€ d4nbLy

£ < X

D2-121352-1

|

e 9¢
¢ o °
oz] 29 €9 LT
—————
91 9T !
|
'
gse® ™
i N AT Toz ITetT v st 9T 1 A
[ ] @ ®
zzfror’  oor € il 60" at] | o] e, NH 1 vs” o
] [ ]
) [ ] ]
€z oL 1€ 19 1T .,fma@\.. ¢] 65
® ) ® LS ¢
vz zot 66  0F oe] 89 oaﬂ ol . q¢ 69" 7
g B AN AS T 2R T -..-nsL. 5 Ly 9 ¢ R
“ 09
]
] - ]
8 9

126



D2-121352-1

3YNSOTINT %23@ INIWAINDI---FUNLYIONIWNON 3AON YIZATYNY TWWYIHL  :8€ 84nbid
vg 96
onl e 2® e}
————————o—
s €
1
A D) RS R S O N A A G DT
® ® ° ® ¢ 00T, ]
2] 6L 28 ¢ 2] 8c° zl 43 HS@NN ezl e® oo
® ]
enl 16 el €6f] 1o mmﬁ
0] 08® 18° o¢ os? c2® oel oe] 22 wmnw.a vzl v2® vy
————t e e e Lo llIlIIl."0|lﬂlllll -
8t <v 9v Lv 8% 6% 6¢ 67! 82 L2 97 s gt
e —
8e 3z
+ [ ] ®
6c] os SI 8¢
- ——
8y 9Y

86
=)
9|t
L8

127



D2-121352-1

3YNSOTINT X230 3ISYA---UNLYTINIWON YOLINANOD YIZATWNY TWWHIHL  :6€ 34nbiy

>

% 2an81g 89g

81

7% 2an813g 98§

Ty @2an811 29§

S6¥ve cc¥ 26

128



JUNSOTINT H230 INIWAINDI---FUNLYIINIWON JOLINANOD YIZATYNY TYWYIHL  :0p d4nbig

Gy pue H4 sain3yg 99§

- B

D2-121352-1

AL

AAA

[ ]

——o—

¢€v a1nd14 99§

il

WYY

K&

Gt pue 44 saan814 29§

-
W
[e o]
[
(")
~
=
W
(o)
-
w
n

Wy

1%

071
L TZ1

3

971
T3¢zt 2zt

SZT§
4
%z

o

B

129



D2-121352-1

Figure 41:  THERMAL ANALYZER CONDUCTOR NOMENCLATURE---BASE DECK
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Figure 42:  THERMAL ANALYZER CONDUCTOR NOMENCLATURE---EQUIPMENT DECK
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Figure 43:  THERMAL ANALYZER CONDUCTOR NOMENCLATURE---CLOSURE DECK
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7.0 DISCUSSION OF RESULTS

At the completion of this study, four sets of results were avail-
able for comparison; numerical and experimencral data (steady siate and
transient) for both the prototype and half scale vehicles, The dis-
cussion of these results will be subdivided into two major sections;
steady state and transient, The transient results will be presen ed
briefly while considerably greater emphasis will be placed on the steady

state results.

7.1 Steady State Results

The steady state results are compared and discussed in the “ollowing
fashion. Steady state numerical and corresponding experimental result=s
for each of the vehicle tests are compared to show the accuracy of
numerical calculations. S“eady state experimental results for hoth
vehicles are compared to show the accuracy of scale mcdeling techniques.
In addition, the half scale numerical results have been recomputed to
account for known compromises of the scaling criteria in the half scale
model. The resulting two sets of half scale rumeric:.l data are then
used to adjust the half scale experimeital data. This adjusted experi-
mental data is compared with the prototype experiment to illustrate the

advantage of using numerical techniques to ¢.rr -~ experimental da ..

7.1.1 Comparison of Numerical Experimental Results.- A tabulated

comparison of the nivmerical and experimental results for the nalf scale
and protctype test sequences are presented *n Tables 19 through 34. Each
table presents the results of a single test on the particular vehicle
identified.

The first column identifies the node/thermocouple designation and
gives a general idea of its location. The next two columns present the
experimentally measured and numerically computed temperatures for each

node, The final two colvmns tally the differential temperature between
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analysis and experiment and the ratio of the experimental to a: .lytic

temperatures, respectively,

The ratios of experimental to analytic temperatures have been
summarized in Figures 46 to 49. Here they are plotted in half percent
increments and separated to show uninsulated and insulated, half scale
and prototype results, respectively. Additionally, Figures 46 and 47
have the results of test number three separated from the remaining

un’nsulated test results.

The examination of the results in this fashion has lead to a number
of ob ervations which are significant in terms of achieving the goals of
this study. A discussion of these points of interest follow on an item

by item basis.

Examinaticn of Figures 46 and 47 show that both the prototype and
half scale model have a 5-1/2 percent systemati: error for test number 3.
Test number 3 was a prolonged cold soak with only a single heater
operating. The mean steady state temperature was on the order of 270°R
(150°K) in both cases. A reexamination of the emissivity of the B-1060
white thermal control coating ndicated a strong temperature dependency
at low temperatures. The emissivity was subsequently measured as 0.7 at

this low temperature.

Examination of the temperature distributions across the base deck
(Tables 19 through 34) indicates temperature differences as great as
45°R (259°K) in a region assumed isothermal and represented by a single
node in the numerical analysis. The noding in the base deck should

have been considerably more detailed.

Examination of the temperature distributions on the heater canisters
and heater box when those heaters are operating (Tables 20 through 22 and
25 through 27) indicates that the heater temperatures are being poorly
predicted,
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The heater core is noded as a single lumped node as shown in the

sketch below:

84 84
|
83 83
85 85
{ al . I
— — -
57 57
Heater Present More Realistic
rhysical Model Nodal Model Nodal Model

The problem appears to be one of obtaining the correct balance of
radiation and conduction fluxes between the heater itself and the heater
shell. The present nodal model operates at a lower average heater core
temperature than the core surface which radiates predominately to the
cylindrical portion of the surrounding shell. This nodal model thus
forces more energy around the shell (nodal path 84-~84-85-57) than occurs
in the actual configuration. The more realistic nodal model shown would

tend to correct this problem.

An examination of the results for nodes 79 and 81 on the external
skin (on the sun facing upper closure) as shown in Tables 19 through 23
indicates relatively high temperatures predicted by analysis over the
experimentally determined results. This is due to inaccuracies in the
experimentally determined value of solar absorptivity for the bare

aluminum surface.

These higher temperatures are not found in the prototype results

(Tables 24 through 27) as the value of solar absorptivity used in that
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analysis was back calculated from the analysis results as necessary to

force agreement with the experiment.

Figures 48 and 49 show a comparison of data for the insulated half
scale and prototype vehicles, respectively. The systematic error here
appears due to inaccuracies in the value of effective conductivity
utilized for the multilayer insulation in the calculations. The greater
and more uniformly distributed range of differences is probably due to
differences in effective conductivity particularly in the widely differ-
ing cases here of solar illumination of horizontal blankets and space

facing vertical blankets.

In general, these problem areas located as a result of numerical
and experimental comparisons can be rectified in the analysis. More

experimental work in the form of component testing can be performed to:

1) determine temperature dependency of emissivity of thermal
control coatings,

2) determine solar absorptivity of aluminum surfaces more
accurately, and

3) determine effective conductivity of multilayer insulation

blankets both under sun facing and space facing conditions.
The model can be noded in more detail particularly in the areas of:

1) selecting isothermal-nodes more carefully and
2) noding critical heater elements, so as to a allow a radiation/

conduction balance which has a more accurate physical basis.

While it is felt that these modifications in the analytic scheme
would greatly improve the results, time was lacking for this detailed a
reconsideration of the analysis. However, the results are good for the
uninsulated tests which show a standard deviation on e order of
2 percent., The insulated vehicle tests indicate a .ghtly greater
standard deviation of 3 percent. Certainly an acceptable range of error

for the level of detail to which the models were noded.
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7.1.2 Comparison of the Experimental Results.- A tabulated com-

parison of the experimental results for the half scale and prototype
vehicles are presented in Tables 35 through 42, Each table presents the
results of a single test on both vehicles. The table format is arranged

as 1n the previous section,

The ratios of the half scale/prototype temperatures have been
summarized in Figures 50 and 51. Again they are plotted in half percent
increments and separated to show uninsulated and insulated model results.
From the figures it is evident that the correlation between the scale
model and prototype uninsulated test results is better than the correla-
tion between numerical and experimental results. This is mainly due to
the inability of the numerical models to represent the physical reality

of th> experimental models which includes:

1) temperature dependence of thermal control coatings radiative
properties and
2) an equivalent continuous model rather than the discrete nodal

analysis model.

All of the half scale data points predict the prototype data within
2 percent except for the two nodes (numbers 79 and 81) on the bare alumi-
num sun facing upper closure surface. Here, differences on the c<rder of
2 to 4 percent result from a lack of preservation of the radiative
properties of the materials. The solar absorptivities of the two
materials are tabulated in Appendix A. Differences between the morels
as a result of variable temperature dependence of thermal conductivity,
and the use of aluminum silicate for the heater cores in both models

have appeared to have a minor effect on the results.

The experimental data for the insulated vehicles does not compare
as well as the uninsulated experiments. While the blanket systems were
identical in design, the ratio of blanket surface area/blanket edge
perimeter was different for the two configurations. This resulted in

relatively greater edge losses for the half scale model.
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The scatter in the data between the two has increased due to this
edge loss effect on performance, and perhaps additionally due to inhomo-

geneities in blanket fabrication and attachment.

Uncertainty in multilayer insulation performance is seen to dominate
the thermal scale modeling results., Greater effort will have to be
placed on component testing to determine insulation performance and scale
modeling techniques if scale modeling of insulated systems is to become

a practical reality.

7.1.3 Numerical Adjustment of Experimental Data.- After the

numerical analysis had been completed for the half scale model (as it had
been built) in an effort to duplicate the experimental results, the nodal
network was adjusted to predict the half scale model results as it should

have been built.

That is, the following changes in the numerical analysis were made:

1) The thermal conductivity of the half scale model materials were
given the same relative temperature dependence as the prototype
materials.

2) The heater power dissipated in each of the heaters was scaled to
that dissipated in the prototype tests.

3) The solar heating loads on each of the external nodes were
scaled to those loads incident on the prototype.

4) The equipment deck on the half scale model was designed as a
0.040 (0.1016 cm) thickness. The shop fabricated the model with
an 0.044 (0,1118 cm) plate and this thickness was used in the
analysis. In the revised analysis the 0,040 (0,1016 cm) plate
was treated.

5) The radiative properties of the prototype were substituted to
comply with the scaling requirement for preservation of radiative

properties.,
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The results of this study are tabulated in Tables 43 through 47 for
the uninsulated tests., The first column identifies the node/thermo-
couple designation and its location. The next three columns tabulate
the half scale experimental results, the correction factor derived from
a comparison of the two numerical studies, and finally the adjusted half
scale experimental data. The fourth column tabulates the prototype
experimental data and the last column lists the ratio of corrected half
scale/prototype experimental results. The ratios of corrected half scale/

prototype experimental results are plotted in Figure 52,

While this correction scheme has shifted the distribution slighcly
no significant improvement has been made in the scatter of the data.
This 1s felt due to a combination of causes. One being the poor noding
of the base deck and heater elements which forces larger errors in the
analysis than existing in the scaled experimental data. The other being
the determination of the solar absorptivity of the prctotype 6061-T6
aluminum surface as inferred from the prototype analysis. If this a
had been experimentally determined with the same error as for the half
scale material, then the temperature corrections could have resulted in
substantial improvements for thesc nodes (79 and 81) rather than the

minimal adjustments indicated.

This attempt to numerically adjust the experimental data has result-
ed in almost negligible improvement in the experimental correlations.

This technique might have shown more promise if:

1) the numerical analysis had been redone to account for the
previously noted deficiencies and

2) a smaller scale model {on the order of 1/4 ~ 1/6) had been
tested with its resulting larger compromise induced deviations

from the prototype resuilts.

As a result, no attempt was made to numerically adjust the insulated

test data due to their even larger error bands.
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7.1.4 Summary of Steady State Results.- Table 48 has been prepared

as a summary of the steady state results, Each of the comparisons pre-~
viously discussed is entered in the table which indicates its systematic
error, its range of error, and its standard deviation. In cases of
experiment and numerical analysis, the analysis is compared to the
experiment. In the experimental comparisons the half scale tests are

compared to the prototype results,

A comparison of experiment and analysis for tests numbers 1, 2, 4
and 5 shows a negligible (0.1 percent) systematic error and a standard
deviation of approximately 2 percent., It may seem surprising that the
analysis predicted the half scale experiment with a smaller standard
deviation than the prototype experiment. This is a chance occurrence

due to:

1) The nodal model being developed and adjusted initially for the
half scale vehicle, Thus, when noticeable disagreements
occurred, the half scale model was carefully examined and
several manufacturing errors were discovered and subsequently

accounted for. This was not done for the prototype.

2) The distributions obtained are not ideally gaussian and other
measures of error (i.e. a two sigma distribution) would show
nearly identical results for the two vehicles, Note that the
total range of error is 8.1 percent for the half scale and

8.2 percent for the prototype.

A comparison of test and analysis for test number three shows the
5.5 percent systematic error which was discussed previously as a result
of the temperature dependency of the B-1060 thermal control coating.
Tae standard deviation on the order of 1 percent is typical of the
results of a single test as opposed to the group of tests reported

previously,
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A comparison of the two experiments, before and after correction of
the half scale experimental data, shows a rather interesting effect.
The raw data indicated a 0.5 percent systematic error and a 0.7 percent
standard deviation. The adjusted experimental comparison shows a
0.1 percent systematic error and a 1.0 percent standard deviation. The
improvement in systematic error is due to accounting for the non-similar
temperature dependencies of the thermal conductivities of the materials.
As both the standard deviation and the range of error increased slightly
it is possible that utilizing the numerical model and its inaccuracies

had a tendency to worsen the experimental comparison.

The + 0.7 percent standard deviation reported for the comparison of
the experimental results corresponds to a + 0.47 percent probable error,
An examination of the predicted probable error (Figure 3) for a half
scale model as a result of inherent uncertainties indicates errors on
the order of + 1.2 percent for nodes which are not solar illuminated and
+ 3.6 percent for solar illuminated nodes. It must be remembered that
the probable error prediction forming the basis for Figure 3 was a
maximum probable error based on alternative formulations of the scaling
criteria. The corresponding minimum probable error was on the order of
+ 3 percent for nodes which are not solar illuminated and + 0.9 percent
for solar illuminated nodes. The experimentally determined probable
error of + 0,47 percent falls within the predicted + 0.3 to + 0.9 percent
range. An examination of Tables 35 through 39 shows that nodes 79 and
81 (the solar illuminated nodes) have larger errors as would be expected

from the results of the statistical analysis.

The results of the insulated tests show greater systematic errors
and standard deviations than the corresponding cases for the uninsulated
tests. However, these tests showed a larger systematic error in the
experiment than in the analysis, This perhaps results from the
differences between the analysis (which handled heat transfer through the
insulation in a one dimensional fashion) and experiment which had signi-
ficantly different edge losses in the half scale insulation blanket than

in the prototype.
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Overall, however, good agreement has been shown both between the
results of analysis and experiment, and in comparison of the experimental
results themselves. Numerical correction of the experimental data has
also assisted in reducing the systematic error in the half scale

experiment.

7.2 Transient Results

This section will briefly present and comment on the transient

results of these experiments,

The transient scaling criteria

tn dm (o c )m
—C_.T(pcs (&7)
P P PP

relates the model time scale to that of the prototype under'the assump-

tions of temperature preservation and geometric distortion.

For the two vehicles tested, four characteristic pairs of materials
and thicknesses were utilized as presented in Table 49. As a result,
four unique characteristic time scales are associated with different

elements of the vehicles. All of the structural elements, skin panels,

TABLE 49. RELATIVE TIME SCALES FOR MODEL MATERIALS

Character-| (pc ) Character-| (pc )

istic PP istic P_g
Prototype|Thickness | at 535°R Model |Thickness | 3t 93°R t /t
Material | (in.)  [|(Btu/ft3 OR)|Material| (in.) (Btu/ft3 Op)| ™ P
6061-T6 0,125 36.41 7075-T6 0.040 36.13 0.31.7
7075-T6 0.0625 36.13 2024=0 0,010 36.29 0.161
Aluminum Aluminum
Silicate 1.50 28.68 Silicate| 0.750 28,68 0,500
B-1060 0.010 B-1060 0.01C 1.000
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and heater canisters relate by a factor of 0.317, The heater box shell
relates by a factor of 0.161 and the heater cores relate by a factor of
0.50. The thick white thermal control coating B-1060 applied over a
major portion of the exterior of the vehicles has the same character

istic time scale for both vehicles,

In advance of the experiments it was anticipated that the tests
involving heater adjustments would be dominated by the time factor for
the lava block heater cores. Additionally, it was thought that changes
in the solar conditions would allow the time factor for the structural

components (6061-T6 aluminum) to dominate the transient response.

Figures 53 through 56 present plots of the transient results for

tests numbers two and three for selected nodes, The nodes selected were:

Node Location
59 Extended base deck
85 Heater shell
70 Equipment deck
81 Sun facing upper closure

Consider Figure 53 which examines transient results for node 59 on the
over extended base deck, In test number 1 the solar beam was turned on
and the model was allowed to reach equilibrium, At the beginning of
test number 2 the base deck heater was activated, After equilibrium
was reached, test number 3 was initiated by turning off the solar beam,
The transient sequences resulting from these latter two test conditions

are shown.

Discounting the differences in temperature and examining only the

relative transient effects, several observations are in order,

1) The numerical analysis predicts the prototype experimental

response with a high degree of accuracy for most tests.
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Test number two involved power dissipation from a heater mounted
on the base deck, The half scale transient time has been scaled
by a factor of two as the heater core dominated the transient
results. With the factor of two scaling the characteristic
times, the half scale and prototype experiments show good agree-

ment for the transient results,

Test number three involved turning the solar beam off, As this
event had its immediate effect on the exterior surface of the
vehicle 1t was felt that the scaling time factor would be that
of the 6061-T6 aluminum frame and skin panels., The half scale
transient data is plotted with the time scale expanded both by
a factor of 2,0 and 3.16, The scaling factor of 2.0 shows
better agreement than the 3.16 factor for the skin elements.

This 1s due tec the white thermal control coating.

Consider the calculation of the volume and mass of the aluminum

and coating materials at node 59 which is presented in Table 50,

TABLE 50, MASS OF VEHICLE SKIN COMPONENTS AT NODE 59

Volume (in.3) Mass (lbm)
Prototype
Aluminum 7.81 0.781
B-1060 2,50 0.100
Half Scale
Aluminum 0.625 0.0625
B-1060 0.625 0.025

While the B-1060 coating was only 1/8 of the mass of the proto-
type node, 1t represented 1/3 of the mass of the half gcale
node. This has resulted in an increase in the characteristic

response time of nodes coated with B-1060., As the temperature

146



D2-121352-1

changes were substantial in these tests, the response times of
the heater cores also contributeu toc the overall vehicle
response. Thus, it 1s observed from Figure 53 that the
characteristic 2sponse time lies between the two values
plicotted. The rest of the figures are plotted with a factor of

twc increase in the half scale experimental! times for hboth tests.

No special emphasis was placed on scaling the transient response of
the half scale model, as indicated in Section 4.1, as it was expected that

numerical analysis would allow a correction of transient response data.

If it had been desired that the half scale model experimentally
verify the full scale transient sequence, other scaling compromises would
have been desirable., These comfromises were discus.ed in Section 4.1 on
Transient Response., In genefal, three choices are available to the
designer:

1) the best selection of materials for steady state response,

2) the best selection of materials for transient response, or

3)> optimization of selection for minimum errors in both steady

and transient response.

In most cases "perfect' scale modeling is not possible and scaling
compromises must be made. Ultimately numerical analysis of the "as built"
model is used to demonstrate agreement with the experiment and then to
adjust the experimental results from the "“as built" model condicion to

the thecretical model condition.
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TABLE 19. STEADY STATE TEMPERATURES

MODEL Half Scale Model
TEST 1

CONDITIONS Sun on
Heater {#1 off
Heaters #2, 3, 4 off

NODE EXPERIMENT ANALYSIS INCREMENT
) ) °R) (Ratio)

Base Deck

57a 381.5 365.4 -16.1 1.044

57b 384.3 365.4 -18.9 1.052

59 391.4 400.7 + 9.3 0.977
Heater One

83 375.1 366.7 - 8.4 1.023

84 380.1 367.7 ~12.4 1.034

85 380.1 367.5 ~12.6 1.034
Equipment Deck

70a 398.5 398.8 + 0.3 0.999

70b 398.5 398.8 + 0.3 0.999
Heater Two

87 397.8 399.0 + 1.2 0.997

88 397.8 398.6 + 0.8 0.998
Heater Three

90 398.5 398.8 + 0.3 0.999

91 397.8 398.4 + 0.6 0.998
Heater Four

95 398.5 398.8 + 0.3 0.999

96 399.9 400.4 + 0.5 0.992

97 397.1 398.7 + 1.6 0.996
External Skin

64 389.3 387.1 - 2.2 1.006

77 408.0 402.6 - 5.4 1.013

73 406.8 401.3 - 5.5 1.014

79 453.5 456.7 + 3.2 0.993

81 451.6 457.4 + 5.8 0.987
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TABLE 20. STEADY STATE TEMPERATURES

MODEL Half Scale Model
TEST 2

CONDITIONS Sun on
Heater #1 on
Heaters #2, 3, 4 off

NODE EXPERIMENT ANALYSIS INCREMENT
(°r) (°R) (°R) (Ratio)

Base Deck

57a 428.1 408.6 -19.5 1.04°

57b 410.0 408.6 - 1.4 1.003

59 407.3 413.1 + 5.8 0.986
Heater One

83 709.9 719.1 + 9,2 0.987

84 468.8 482.7 +13.9 0.971

85 483.9 469.4 -14.5 1.031
Equipment Deck

70a 410.7 414.3 + 3.6 0.991

70b 410.7 414.3 + 3.6 0.991
Heater Two

87 411.3 412.6 + 1.3 0.997

88 411.3 412.2 + 0.9 0.998
Heater Three

90 411.3 412.4 + 1.1 0.997

91 412.7 412.0 - 0.7 1.002
Heater Four

95 411.3 413.0 + 1.7 0.996

96 412.0 414.2 + 2.2 0.995

97 409.3 412.4 + 3.1 0.992
External Skin

64 403.3 401.8 - 1.5 1.004

77 417.4 413.1 - 4.3 1.010

73 416.7 412.1 - 4.6 1.011

79 461.8 466.3 + 4.5 0.990

81 459.3 466.9 + 7.6 0.984
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NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D2-12)352-1

TABLE 21. STEADY STATE TEMPERATURES

MODEL Half Scale Model

TEST 3

CONDITTONS Sun off

Heater #1 on
Heaters #2, 3, 4 off
EXPERIMENT ANALYSIS INCREMENT

(°R) (°R) (°Rr) (Ratio)
318.6 304.0 -14.6 1.048
288.7 304.0 +15.3 0.950
275.0 253.9 -21.1 1.083
686.2 664.7 -21.5 1.032
385.8 388.7 + 2.9 0.992
384.3 371.9 -12.4 1.023
268.0 254.6 -13.4 1.053
268.0 254.6 -13.4 1.053
267.2 252.3 -14.9 1.059
267.2 252.3 -14.9 1.059
267.2 252.4 -14.8 1.059
268.0 252.4 -15.4 1.062
27.2 252.9 -14.3 1.056
267.2 252.5 -14.7 1.058
267.2 252.4 -14.8 1.059
271.5 254.6 -16.9 1.066
264.6 247.6 -17.0 1.069
264.6 248.1 -16.5 1.066
263.7 248.0 -15.7 1.063
263.7 247.8 -15.9 1.064
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NODE

Base Decx
57a
57b
59

Heater Ome
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
b
77
73
79
81

D2-121352-1

TABLE 22. STEADY STATE TEMPERATURES

MODEL Half Scale Model

TEST <

CONDITIONS Sun on

Heater #1 off
Heaters #2, 3, 4 on
EXPERIMENT ANALYSIS
(°r) °r) (°r)

408.0 396.0 -12.0
412.7 396.0 -16.7
414.7 423.6 + 8.9
401.3 398.7 - 2.6
408.7 400.6 - 8.1
408.0 400.2 - 7.8
458.6 459.4 + 0.8
455.5 459 .4 + 3.9
477.1 483.9 + 6.8
472.0 475.9 + 3.9
488.8 493.6 + 4.8
482.1 483.7 + 1.6
478.4 471.9 - 6.5
488.8 481.2 - 7.6
472.0 471.7 - 0.3
422.7 425.1 + 2.4
445.3 443.3 - 2.0
444.0 443.5 - 0.5
487.0 495.7 + 8.7
484.5 495.8 +11.3
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INCREMENT

(Ratio)

1.030
1.042
0.979

1.006
1.020
1.019

0.998
0.992

0.986
0.992

0.990
0.997



NODE

Base Deck
57a
570
59
Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
9'!
External Skin
64
77
73
79
81

D2-121352-1

TABLE 23. STEADY STATE TEMPERATURES

MODEL Half Scale Model

TEST 5

CONDITION Sun off

Heater #1 off
Heaters #2, 3, 4 on
EXPERIMENT ANALYSIS

°R) (°R) (°R)
310.6 299.3 -11.3
313.0 299.3 -13.7
308.2 297.5 -10.4
305.7 300.4 - 5.3
309.0 301.3 - 7.7
309.8 301.1 - 8.7
358.9 355.3 - 3.6
354.4 355.3 + 0.9
379.4 380.7 + 1.3
373.7 370.7 - 3.0
393.6 392.3 -1.3
385.8 379.8 - 6.0
580.1 367.2 -12.9
391.4 377.0 -14.4
373.7 366.8 - 6.9
321.7 320.4 -1.3
326.2 327.7 + 1.5
328.4 329.2 + 0.8
327.6 330.9 + 3.3
326.9 330.4 + 3.5
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INCREMENT

(Ratio)

1.038
1.046
1.035

1.018
1.026
1.029

1.010
0.997

0.996
1.008

1.003
1.016

1.035
1.038
1.019

1.004
0.995
6.998
0.990
0.989



NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D2-121352-1

TABLE 24. STEADY STATE TEMPERATURES

MODEL Prototype Vehicle

TEST 1

CONDITIONS Sun on

Heater #1 off
Heaters #2, 3, 4 off
EXPERIMENT ANALYSTS INCREMENT
°R) °R) °r)
382.5 371.2 -11.3
387.4 371.2 -16.2
398.1 405.2 + 7.1
*
- 372.4 -

382.5 373.2 -10.3
382 373.1 -10.4
400.2 403.0 + 2.8
400.8 403.0 + 2.2
404.2 402.6 - 1.6
401.5 402.2 + 0.7
403.5 402.7 - 0.8
401.5 402.2 + 0.7
402.9 403.6 + 0.7
402.9 405.4 + 2.5
400.8 403.4 + 2.6
3¢0.3 392.5 + 2.2
4:2.3 403.8 - 8.5
410.9 403.0 - 7.9
467.1 467.9 + 0.8
468.5 468.5 + 0.1

* Thermocouple out
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(Ratio)

1.030
1.043
0.982

1.025
1.025

0.993
0.994

1.004
0.998

1.002
0.998

0.998
0.994
0.994

0.994
1.021
1.020
0.998
1.000



D2-121352-1

TABLE 25. STEADY STATE TEMPERATURES

MODEL Prototype Vehicle
TEST 2

CONDITIONS Sun on
Heater #1 on
Heaters #2, 3, 4 off

NODE EXPERIMENT ANALYSIS INCREMENT
(°R) r (“R) (Ratio)

Base Deck

57a 429.7 411.0 -18.7 1.045

57 408.9 411.0 + 2.1 0.995

59 410.9 417.5 + 6.6 0.984
Heater One %

83 - 779.9 - -

84 497.6 484 .4 -i3.2 1.027

85 487.8 475.8 -12.0 1.025
Equipment Deck

70a 411.6 418.1 + 6.5 0.984

70b 410.9 418.1 7.2 0.983
Heater Two

87 413.6 415.9 + 2.3 0.994

88 412.3 415.4 + 3.1 0.992
Heater Three

90 413.6 415.9 + 2.3 0.994

91 413.6 415.5 + 1.9 0.995
Heater Four

95 412.9 417.2 + 4.3 0.990

96 413.6 418.8 + 5.2 0.988

97 410.9 416.7 + 5.8 0.986
External Skin

64 403.5 406.5 + 3.0 0.993

77 419,6 414.2 - 5.4 1.013

73 419.0 413.6 - 5.4 1.013

79 472.9 477.4 + 4.5 0.991

81 473.5 478.0 + 4.5 0.991

* Thermocouple out
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NODE

Base Deck
57a
57b
59

Heater Cne
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D2~-121352-1

TABLE 26. STEADY STATE TEMPERATURES

MODEL
TEST
CONDITIONS

EXPERIMENT ANALYSIS

(°Rr)

321.2
285.6
276.9

*

402.9
392.4

266.6
268.3

266.6
266.6

267.5
266.6

267.5
266.6
266.6

271.8
263.1
264.0
263.1
263.1

* Thermocouple out

Prototype Vehicle

3
Sun off

Heater #1 on

Heaters #2, 3, 4 off

(°R)

296.
296.
250.

742,
376.
365.

255.
255.

253.
253.

253.
253.

253.
253.
253.

255.
250.
250.
250.
250.

155

DN (VST N )}

SV, |

1
0
2
2
1

(°R)

-24.6
+11.0
-26.6

=26.7
-26.8

-11.6
-13.3

-13.1
-13.1

~-14.1
-13.2

-13.7
-13.0
-13.1

-16.7
-13.1
-13.8
-12.9
-13.0

INCREMENT

(Ratio)

1.083
0.963
1.106



NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D2-121352-1

TABLE 27. STEADY STATE TEMPERATURES
MODEL Prototype Vehicle
TEST 4
CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 on
EXPERIMENT ANALYSIS INCREMENT
(°R) (°R) (°R)
406.2 400.8 - 5.4
410.2 400.8 - 9.4
416.3 427.8 +11.5
- * 403.6 -
409.6 405.2 - 4,4
407.6 404.8 - 2.8
459.5 466.1 + 6.6
456.3 466.1 + 9.8
482.9 481.9 - 1.0
478.6 476.,3 - 2.3
490.2 491.4 + 1.2
485.4 484.5 - 0.9
480.5 493.9 +13.4
490.2 505.3 +15.1
476.7 491.3 +13.6
422.3 428.1 + 5.8
447.3 443,7 - 3.7
446.8 443.8 - 3.0
496.9 506.3 + 9.4
497.6 506.9 + 9.3

* Thermocouple out
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(Ratio)

1.013
1.023
0.973

1.011
1,007

0.986
0.979

1.002
1.005

0.998
1.002

0.973
6.970
0.970

0.986
1.008
1.007
0.981
0.982



D2-121352-1

TABLE 28. STEADY STATE TEMPERATURES

MODEL Prototype Vehicle
TEST 5

CONDITIONS Sun off
Heater #1 off
Heaters #2, 3, 4 on

NODE EXPERIMENT ANALYSIS INCREMENT
°R °r) (°R) (Ratio)

Base Deck

57a 310.0 303.1 - 6.9 1.023

57b 310.0 303.1 - 6.9 1,023

59 307.6 300.9 - 6.7 1.022
Heater One

83 - * 304.0 - -

84 312.5 304.7 - 7.8 1.026

85 310.8 304.6 - 6.2 1.020
Equipment Deck

70a 361.2 359.4 - 1.6 1.005

70b 358.2 359.4 + 1.2 0.997
Heater Two

87 386.0 371.1 -14.9 1.040

88 383.2 364.4 -15.8 1.052
Heater Three

90 394.5 381.5 -13.0 1.034

91 388.8 373.4 -15.4 1.041
Heater Four

95 382.5 388.5 + 6.0 0.984

96 393.8 402.1 + 8.3 0.979

97 378.2 386.0 + 7.8 0.980
External Skin

64 324.2 319.0 - 5.2 1.016

77 331.8 326.7 - 5.1 1.016

73 332.5 327.4 - 5.1 1.016

79 330.3 329.5 - 0.8 1.002

81 329.5 329.5 0 1.000

* Thermocouple out
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TABLE 29, STEADY STATE TEMPERATURES

MODEL Half Scale Model with Insulation
TEST 6

CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 off

NODE EXPERIMENT ANALYSIS INCREMENT
(°r) (°R) (°R) (Ratic)

Base Deck

57a 363.9 360.3 - 8.6 1.024

57b 371.0 360.3 - 9.7 1.030

59 378.1 394.6 +16.5 0.958
Heater One

83 367.4 361.4 - 6.0 1.017

84 362.5 362.2 - 0.3 1.001

85 367.4 362.1 - 5.3 1.015
Equipment Deck

70a 376.6 381.5 + 4.9 0.987

70b 376.6 381.5 + 4.9 0.987
Heater Two

87 375.9 382.7 + 6.8 ¢.982

88 375.2 382.7 + 7.5 0.980
Heater Three

S0 375.9 382.7 + 6.8 0.982

91 375.9 382.7 + 6.8 6.982
Heater Four

95 375.9 382.3 + 6.4 0.983

96 375.9 382.5 + 6.6 0.983

97 375.9 382.5 + 6.6 0.983
External Skin

64 375.9 383.7 + 7.8 0.980

77 377.4 382.9 + 5.5 0.986

73 376.6 383.1 + 6.5 0.983

79 378.1 382.9 + 4.8 0.987

81 378.1 382.9 + 4.8 0.487
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NODE

Base Deck
57a
57b
53

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

fleater Four
95
96
97

Externa:
64
77
73
79
81

Skin

D2-121352-1

INCREMENT

TABLE 30. STEADY STATE TEMPERATURLS

MODEL Half Scale Model with Insulation

TEST 7

CONDITIONS Sun on

Heater #1 off
Heaters #2, 3, 4 on
EXPERIMENT ANALYSIS
°R) (°R) °r)

439.6 438.5 - 1.1
442.2 438.5 - 3.7
440.9 448.5 + 7.6
442.2 443,7 + 1.5
433.6 447.1 +13.5
441.5 446.4 4.9
499.3 511.4 +12.1
496.8 511.4 +14.6
517.4 538.4 +21.C
513.2 531.8 +18.6
528.1 547.0 +1u.9
522.8 53R,8 +16.0
517.4 526.2 + 8.8
526.9 533.9 + 7.0
513.8 526.9 +13.1
467.7 487.6 +19.9
487.7 509.2 +2i.5
487.7 509.5 +21.8
489.5 510.7 +21.2
488.9 510.9 +22.0
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(satio)

1.002
1.008
0.983

0.997
0.970
0,989

0.961
0.965

£.965

U.t/u

0.983
0.987
0.975

0.959
0.958
0.958
s.958
0.9%7



NODE

Base Deck
57a
575
59

Heater Ore
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
a5
96
97

External Skin
64
77
73
79
81

D2-121352-1

INCREMENT

TABLE 31. STEADY STATE TEMPERATURES

MODEL Half Scale Model with Insulation

TEST 8

CONDITIONS Sua of ¢

Heater #1 off
Heaters #2, 3, 4 cn
EXPERIMENT ANALYSIS
°r) (°R) °r)

380.2 376.0 - 4.2
380.9 376.0 - 4.9
373.1 361.8 -11.3
380.9 379.3 - 1.6
373.8 381.8 + 8.0
380.9 381.3 + 0.4
442.8 449.8 + 7.0
439.6 449.8 +10.2
461.9 476.9 +15.0
456.8 469.1 +12.3
473.4 486 .4 +13.0
467.7 476.7 + 9.0
461.9 463.9 + 2.0
472.1 472.4 + 0.3
457.5 464.3 + 6.8
406.7 418.1 +11.4
426.9 443.3 +16.4
426.9 443.3 +16.4
428.2 344.9 +16.7
427.5 445,2 +17.7
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(Ratio)

1.011
1.013
1.031

1.004
0.979
0.999

0.984
0.977

0.968
0.974

0.973
0.981

0.996
0.999
0.985

0.973
0.963
0.963
0.962
0.960



NODE

Base Deck
57a
57b
59

Heater Omne
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D¢-121352-1

TABLE 32. STEADY STATE TEMPERATLRES

MOLDEL Prototype Vehicle with Incuiration
TEST 6
CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 off
EXPERIMENT ANALYSIS INCREMENT
R °r) (°R)
382.5 382.2 - 0.3
389.5 382.2 - 7.3
401.5 411.1 + 9.6
378.9 383.8 + 4.9
381.7 384.8 + 3.1
381.0 384.7 + 3.7
393.1 412.4 +19.3
393.1 412.4 +19.3
393.1 414.0 +20.9
393.1 414.0 +20.9
393.1 414.0 +20.9
392.4 414.0 +21.6
393.1 413.8 +20.7
393.1 414.2 +21.1
393.1 414.0 +20.9
- 391.7 411.9 +20.0
395.2 416.6 +21.4
394.,5 416.3 +21.8
396.6 424.1 +27.5
398.1 424.3 +26.2
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(Ratio)

1.001
1.019
0.977

0.987
0.992
0.990



D2-121352-1

TABLE 33. STEADY STATE TEMPERATURES

MODEL Prototype Vehicle with Insulation
TEST 7

CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 on

NODE EXPERIMENT ANALYSIS INCREMENT
(°r) (°R) (°R) (Ratio)

Base Deck

57a 451.9 449.2 - 2.7 1.006

57b 457.6 449.2 - 8.4 1.019

59 460.1 458.7 - 1.4 1.0u3
Heater One

83 451.9 455.0 + 3.1 0.993

84 456.3 458.0 + 1.7 0.996

85 454 .4 457.2 + 2.8 0.994
Equipment Deck

70a 515.7 527.0 +11.3 0.978

70b 513.9 527.0 +13.1 0.975
Heater Two

87 536.0 548.2 +12.2 0.978

88 535.0 543.7 +10.7 0.980
Heater Three

90 544.3 557.1 +12.8 0.977

91 540.2 551.5 +11.3 0.980
Heater Four

95 535.7 €55.9 +20.2 0.964

96 544.3 564.5 +20.2 0.964

97 533.0 554.2 +21.2 0.962
External Skin

64 483.5 499.6 +16.1 0.968

77 507.3 523.0 +15.7 0.970

73 506.7 523.2 +16.9 0.968

79 509.1 530.3 +21.2 0.960

31 509.8 530.6 +20.8 0.961
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NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

D2-121352-1

TABLE 34. STEADY STATE TEMPERATURES

MODEL Prototype Vehicle with Insulation

TEST 8

CONDITIONS Sun off

Heater #1 off
Heaters #2, 3, 4 on
EXPERIMENT ANALYSIS INCREMENT
(°R) ) )

381.0 370.3 -10.7
382.5 370.32 -12.2
373.9 361.2 -12.7
381.0 373.1 - 7.9
384.6 374.9 - 9.7
382.5 374.4 - 8.1
446.8 442.8 - 4.0
446.1 442.8 - 3.3
469.1 460.1 -9.0
467.1 454.7 -12.4
478.0 470.0 - 8.0
474.2 463.2 -11.0
472.9 472.0 - 0.9
477.3 482.8 + 5.5
464.6 470.0 + 5.4
410.2 407.1 - 3.1
434.4 428.6 - 5.8
435.1 428.9 - 6.2
435.7 430.4 - 5.3
435.1 430.7 - 4.4
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(Ratio)

1.029
1.033
1.035

1.002
0.989
0.988

1.008
1.0L4
1.014
1.012
1.710
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TABLF "5. STEADY STATE EXPERIMENTAL TEMPERATURES

TEST 1

CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 off

NODE HALF SCALE PROTOTYPE INCREMENT
(°R) (°r) (°R) (Ratio)

Base Deck

57a 381.5 382.5 - 1.0 0.997

57b 384.3 387.4 - 3.1 0.992

59 391.4 398.1 - 6.7 0.983
Heater One

83 375.1 - * - -

84 380.1%* 382.5 - -

a5 380.1 382.5 - 2.4 0.994
Equipment Deck

70a 398.5 400.2 - 1.7 0.996

70b 398.5 400.8 - 2.3 0.994
Heater Two

87 397.8 404.2 - 6.4 0.984

88 397.8 401.5 - 3.7 0.991
Heater Three

90 398.5 403.5 - 5.0 0.988

S1 397.8 4C1.5 - 3.7 0.991
Heater Four

95 398.5 402,¢9 - 4.4 0.989

96 399.9 402.9 - 3.0 0.992

97 397.1 400.8 - 3.7 0.991
External Skin

64 389.3 390.3 - 1.0 0.997

77 408.3 412.3 - 4.3 0.990

73 406.8 410.9 -4.1 0.990

79 453.5 467.1 -13.6 0.971

81 451.6 468.4 -16.8 0.964

* Inonerative thermocouple
%% Apparently erroneous thermocouple reading
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TABLE 36. STEADY STATE EXPERIMENTAL TEMPERATURES
2EST 2
CONDITION Sun on
Heaters i#l oa
Heaters #2, 3, 4 off
NODE HALF SCALE PROTOTYPE INCREMENT
(°R) (°R) (°R)

Base Deck

57a 428.1 429.7 - 1.6

57b 410.0 408.9 + 1.1

59 407.3 410.9 - 3.6
Heater One

83 709.9 -% -

84 468.8%* 497.6

85 483.9 487.8 - 3.9
Equipment Deck

70a 410.7 411.6 - 0.9

70b 410.7 410.9 - 0.2
Heater Two

87 411.3 413.6 - 2.3

88 411.3 412.3 - 1.0
Heater Three

90 411.3 413.6 - 2.3

91 412.7 413.6 - 0.9
Heater Four

95 411.3 412.9 - 1.6

96 412.0 413.6 -1.6

97 409.3 410.9 -~ 1.6
External Skin

64 403.3 403.5 - 0.2

77 417.4 419.6 -2.2

73 416.7 419.0 - 2.3

79 461.8 472.9 -11.1

81 459.3 473.5 -14.2

* Inoperative thermocouple
%% Apparently erroneous thermocouple reading
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(Ratio)

0.996
1.003
0.991

0.992

7.998
1.000

0.994
0.998

0.924
0.998

0.996
0.996
0.996

1.000
0.995
0.994
0.976
0.970



TABLE 37.

NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
61

Heater Four
95
26
97

External Skin
64
77
73
79
8,

CONDITIONS

D2-121352-1

STEADY STATE EXPEFIMENTAL TEMPERATURES

3

Sun off

Heater #1 on

Heaters #2, 3, 4 off

HALF SCALE  PROTOTYPE
(°R) °r)

318.6 321.2 -
288.7 285.6 +
275.0 276.9 -
686.2 - *
385, 8%* 402.5
384.3 392.4 -
268.0 266.6 +
268.9 268.3 -
267.2 266.6 +
267.2 266.6 +
267.2 267.5 -
268.0 266.6 +
267.2 267.5 -
267.2 266.6 +
267.2 266.6 +
271.5 271.8 -
264.6 263.1 +
264.6 264.0 +
263.7 263.1 +
263.7 263.1 +

* Inoperative thermocouple
** Apparently erroneous thermocouple reading
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(°R)

INCREMENT

(Ratio)

0.992
1.011
0.993

0.979

1.005
0.999

1.002
1.002

0.999
1.005

0.999
1.002
1.002

0.999
1.006
1.002
1.002
1.002
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TABLE 38. STEADY STATE EXPERIMTNTAL TEMPER. 1URES

TEST 4

CONDITIOUNS Sun on
Heater {1 off
Heaters #., 3, 4 on

NODE HALF SCALE PROTOTYPE INCREMENT
(°R) (°R) (°R) (Ratio)

3ase Deck

57= 408.0 406.2 + 1.8 1.004

57b 412.7 410.2 + 2.5 1.006

59 414.7 416.3 - 6 0.996
Heater One

83 401.3 - * - -

84 408, 7%* 409.6 - -

85 408.C 407.6 + 0.4 1.001
Equipment Deck

70a 458.6 459.5 - 6.6 0.998

70b 455.5 456.3 - 0.8 0.998
Heater Two

87 477.1 482.9 - 5.8 g.98%8

a8 472.0 478.6 - 6.6 0.9..
Heater Thre=

90 488.8 490.2 - 1.4 C.997

91 482.1 485.4 - 3.3 0.993
Heater Four

95 478.4 480.5 - 2.1 0.996

90 488.8 490.2 - 1.4 J.997

97 472.0 476.7 - 4.5 0.996G
External Skin

64 422.7 422.3 + 0.4 1.001

77 445.3 447.4 - 2.1 0.995

72 444 .0 446.8 - 2.8 0.994

79 487.0 496.9 . - 9.9 0.980

81 484.5 497.6 -13.1 0.974

* TInoperztive thermccouple
*% Apparently erronecus therm¢..uple reading
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TABLE 39. STEADY STATE EXPERIMENTAL TEMPERATURES

TEST 5

CONDITIONS Sun off
Heater #1 off
Heaters #2, 3, 4 on

NODE HALF SCALE PROTOTYPE INCREMENT
(°R) (°R) (°R) (Ratio)

Base Deck

57a 310.6 310.0 + 0.6 1.002

57b 313.0 310.0 + 3.0 1.010

59 308.2 307.6 + 0.6 1.002
Heater One

83 306.7 - % - -

84 309.0%* 312.5 - -

85 309.8 310.8 - 1.0 0.997
Equipment Deck

70a 358.9 361.2 - 2.2 0.994

70b 354.4 358.2 - 3.8 0.989
Heater Two

87 379.4 386.0 - 6.6 0.983

88 373.7 383.2 - 9.5 0.975
Heater Three

90 393.6 394.5 - 0.9 0.998

91 385.8 388.8 - 3.0 0.992
Heater Four

95 380.1 382.5 - 2.4 0.994

96 391.4 393.8 - 2.4 0.994

97 373.7 378.2 - 4.5 0.988
External Skin -

64 321.7 324.2 - 2.5 0.992

77 326.2 331.8 - 5.6 0.983

73 328.4 332.5 -4.1 0.988

79 327.6 330.3 - 2.7 0.992

81 326.9 329.,5 - 2.6 0.992

* Inoperative thermocouple
** Apparently erroneous thermocouple reading
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TABLE 40.

NODE

Base Deck
57a
57b
59

Heater One
83
84
85

Equipment Deck
70a
70b

Heater Two
87
88

Heater Three
90
91

Heater Four
95
96
97

External Skin
64
77
73
79
81

CONDITICNS

D2-121352-1

STEADY STATE EXPERIMENTAL TEMPERATURES

6

Sun cn

Heater #1i off

Heaters #z, 3, 4 off

HALF SCALE PROTOTYPE INCREMENT
(°R) (°R) (°R)
368.9 382.5 -13.6
371.0 389.5 -18.5
378.1 401.5 -23.4
367.4 378.9 -11.5
362.5%* 381.7 -
367.4 381.0 -13.6
376.6 393.1 -16.5
376.6 393.1 ~16.5
375.9 393.1 ~17.2
375.2 393.1 -17.9
375.9 393.1 -17.2
75.9 392.4 -16.5

375.9 393.1 ~-17.2
375.9 393.1 ~-17.2
375.9 393.1 ~-17.2
375.9 391.7 ~15.8
377.4 395.2 ~17.8
376.6 394.5 ~17.9
378.1 396.6 ~18.5
378.1 398.1 ~20.0

%% Apparently erroneous thermocouple reading
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INCREMENT

(°R)

-12.3
-15.4
-19.2

- 907

"12.9

-10.4
-17.1

-18.6
-19.8

-16.2
-17.4

-18.3
-17.4
-19.2

-15.8
-19.6
-19.0
-19.6

TABLE 41. STEADY STATE EXPERIMENTAL TEMPERATURES
TEST 7
CONDITIONS Sun on
Heater #1 off
Heaters #2, 3, 4 on
NODE HALF SCALE PROTOTYPE
(°R) °w)
Base Deck
57a 439.6 451.9
57b 442.2 457.6
59 440.9 460.1
Heater One
83 442.2 451.9
84 433.6** 456.3
85 441.5 4544
Equipment Deck
70a 499.3 515.7
70b 496.8 513.9
Heater Two
87 517.4 536.0
88 513.2 533.0
Heater Three
90 528.1 544.3
91 522.8 540.2
Heater Four
95 517.4 535.7
96 526.9 544.3
97 513.8 533.0
External Skin
64 467.7 483.5
77 487.7 507.3
13 587.7 . 506.7
79 489.5 509.1
81 488.9 509.8

** Apparently erroneous thermocouple reading
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—20 |9

(Ratio)

0.973
0.966
0.958

0.978

0.972

0.968
0.967

0.965
0.963

0.970
0.968

0.966
0.968
0.964

0.967
0.961
0.962
0.962
0.959
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TABLE 42. STEADY STATE EXPERIMENTAL TEMPERATURES
TEST 8
CONDITIONS Sun off
Heater #1 off
Heater #2, 3, 4 on
NODE HALF SCALE PROTOTYPE
(°R) (°R)

Base Deck

57a 380.2 381.0

57b 380.9 382.5

59 373.1 373.9
Heater One

83 380.9 381.0

84 373.8** 384.6

85 380.9 382.5
Equipment Deck

70a 442.8 446.8

70b 439.6 446.1
Heater Two N

87 461.9 469.1

88 456.8 467.1
Heater Three

90 473.4 478.0

91 467.7 4742
Heater Four

95 461.9 472.9

g6 472.1 477.2

97 457.5 464.6
External Skin

64 406.7 410.2

77 426.9 434 .4

73 426.9 435.1

79 428.2 435.7

81 427.5 435.1

** Apparently erroneous thermocouple reading
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~N N 00 W
o e o
(o MV, ISRV,

(Ratio)

0.998
0.996
0.998

1.000

0.996

0.991
0.985

0.985
0.978

0.990
0.986

0.977
0.989
0.985

0.991
0.983
0.981
0.983
0.983
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TABLE 48. SUMMARY OF ERRORS

Systematic* Maximum#*#* Standard#**
Comparison Error Error Deviation
(Z2) (%) (%)
Tests 1, 2, 4, 5
Experiment and
Analysis
Half Scale - 0.1 + 5.3 - 2.8 + 1.5
Prototype - 0.1 + 5.3 - 2.9 + 2.2
Test 3
Experiment and
Analysis
Half Scale + 5.9 + 2.4 -10.9 + 1.0
Prototype + 5.2 + 5.4 - 8.9 + 0.7
Tests 1-5
Experiment - 0.5 + 1.8 - 3.1 + 0.7
Adjusted
Experiment + 0.1 + 1.5 - 4.0 + 1.0
Tests 6-8 (insulated)
Experiment and .
Analysis
Half Scale -1.8 + 4.9 - 2.5 + 2.2
Prototype - 1.3 + 4,8 - 5.2 + 3.5
Experiment - 3.4 + 3.4 - 2.4 + 1.5
* Displacement of mean from 1.0

%%  Total range of deviations about mean
*%%* Range of deviations about mean which encompass 68 percent of the
data points shown
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8.0 CONCLUDING REMARKS

This concluding section is devoted to & series of remarks on the
questions of numerical modeling versus scale modeling approaches to
thermal design verification, limitations in both thermal scale modeling
and numerical modeling, and recommendations for additional work required
to extend the usefulness of scale modeling techniques and further vali-

date the conclusions of this study.

The sheer size of the spacecraft currently being envisioned for the
future decade (the space shuttle, the Mars '7,, and Grand Tour missions)
will eventually require either modifications of existing thermal verifi-
cation testing procedures or significantly larger épace simulation
facilities. Several techniques are available beyond full size thermal
testing. These alternates include numerical analysis, thermal scale
modeling, and compcuent testing. Most likely a combination of these

techniques will ultimately be utilized.

This study has shown that thermal scale modeling can successfully
verify the thermal design of a spacecraft with complex conductive/
radiative iaterchange. Scale modeling is limited, as are all experimental
approaches, by the time and cost requirements of vacuum chamber testing.
Scale modeling is also limited by the difficulty of producing complex

external environments in existing va.uum chamber facilities.

This study has also shown that numerical analysis can accurately
predict the performance of a complex spacecraft. The major difficulty
with a numerical model is that it requires a complete understanding of the

spacecraft, its material properties and their temperature dependence.

A combination of the experimental and numerical methods, which utilizes
the advantages of each method, appears to be the best approach to thermal
design verification. A small scale model could be tested and used to aid the

development of an accurate mathematical model. The upgraded mathematical
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mndel could then be used to predict the performance of a full size
vehicle over a much large range of simulated flight conditions than

could be achieved in the space simulator.

A possible alternate would be the use of the combined numerical/
scale modeling study to define spacecraft surface temperatures and gross
structural interior temperatures. Component testing could then be
accomplished with the space vehicle exterior boundary temperatures being
simulated rather than by direct simulation of the space thermal

environment.

However, as always, the preferred approach depends upon the parti-
cular problem being investigated. This requires an understanding of the

limitations of each approach.

As we have seen in this study the major limitations on numerical
analysis are not related to the size of the problem being studied, but

rather the completeness of our understanding of the problem,

In addition to understanding the problem there is a limitation as
a result of the ability of our computer programs to simulate the pvoblem,
particularly in the areas of defining external environment and the
calculation of radiation interchange factors between surfaces. The
programs presently operating appear adequate for most problems studied

to date.

The area of least understanding appears in the area of multilayer
insulation performance. This is a difficult problem due to the near
impossibility of uniform manufacturing and the complex anisotropic nature

of heat transfer within the insulation.
The only "size" limitations involved with numerical analysis are a

result of a computer storage capability and not really pertinent to the

question at hand.
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On the other hand the limitations on thermal scale modeling are

manifold. Several are mentioned in the paragraphs below:

1) Limitations as a result of uncertainties in material thermal
properties, model dimensions, instrumentation effects, and
environment simulation.

2) Limitations as a result of existing materials and the range of
available gages makes design for both steady state and transient
results difficult.

3) Limitations as a result of inadequate or incomplete understand-
ing in the areas of multilayer insulation, joint conductance,

and convective heat transfer in manned cabins.

These limitations combine to indicate a realistic lower limit on
scale modeling of 1/5 to 1/7 scale. An absolute lower limit on the
order of 1/10 scale seems appropriate. The lower the scale ratio the
more difficult, time consuming and expensive will be the resulting model.
These limitations appear reasonable based on the assumptions of this
study but the reader is reminded that the lower limit on scaling is
strongly a function of original model size and the manufacturing

tolerances that the modeler is willing to pay for.

In cases such as the present study where the prototype itself is a
smail vehicle (smaller than one would normally consider a candidate for
scale modeling), an additional lower limit on model size is imposed by
the sheer miniaturization required. For example, a one~tenth scale
model would be a two inch (5.08 cm) cube mounted on a three inch
(7.62 cm) square plate. The 6 inch (15.25 ecm) uneater canisters would be
0.6 inch (1.525 cm) by 0.3 inch (0.761 cm) diameter cylinders with the
nichrome wound heater cores. This level of miniaturization would require
an exceptionally intricate level of workmanship and a probable large

increase in model fabrication cost.
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Additional work could extend and strengthen the conclusions

reached in this study.

The analyses performed could be redone based upon the observations
of this study to obtain a more accurate mathematical model. This would
allow more accurate mathematical modeling of the experimental results
and improved experimental correlations where the half scale results ar:

mathematically adjusted to account for scaling compromises.

An additional smaller scale model in the 1/4 to 1/6 scale range
could be built and tested to show additional verification of the probable
error analvsis developed in Section 3.0 as a function of scale ratio.
This model should have additional emphasis on scaling the transient
results, perhaps even to the extent of accepting steady state temperature

errors in order to obtain an accurate transient sequence of events.

The range of usefulness of thermal scale modeling could also be

improved by detailed studies in the areas of:

1) Multilayer insulation. Both performance studies and scaling
technique studies would be useful to applications of scale
modeling of real spacecraft.

2) Joint conductance. In actual spacecraft, joint conductance
could be a limiting factor which would require consideration
in scale modeling.

3) Cabin convective flows. Manned spacecraft will have environ-
mental control systems to replenish oxygen content of the cabin
atmosphere. This will result in convective interaction with
the cabin walls and could be the dominant interior heat

transfer mechanism.

It is felt, however, that a study of multilayer insulation .caling
techniques would be applicable to virtually all spacecraft studies

whether manned or not., The final recommendations of this study would be:
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1) a detailed study of multilayer insulation scaling techniques

and
2) an extension of the present study to experimentally verify the

effects of uncertainties in scale modeling at lower scale

model ratios.
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APPENDIX A
THERMOPHYSICAL PROPERTIES OF MATERIALS

The following tables present the thermophysical properties used in
the calculations for the prototype and half scale model components.

TABLE Al. ALUMINUM SILICATE - GRADE A

Density 0.083 1b/in>
Specific Heat 0.20 Btu/lbm °R
Thermal Conductivity 1.21 Btu/hr fr °R

TABLE A2. 6061-T6 ALUMINUM (p = 169.34 1b/ft3)

Temperature k Cp pcp
(°R) (Btu/hr ft °F) (Btu/1b °F) (Btu/£t3 °F)
160 0.094 14.918
492 94.1
535 96.6 0.215 36.408
660 99.4
760 99.4 0.231 39.118
860 101.6
960 101.6 0.243 41.150

1060 104.1
1160 104.1 0.255 43.182
1260 104.1

Reference: D-16103-1, Thermophysical Properties of Materials,
G. Belleman, March 1961,
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TABLE A3. 7075-T6 ALUMINUM (p = 174.53 1b/ft>)

Temperature k Cp Dcp

°R) (Btu/hr £t °F) (Btu/1b °F) (Btu/fe> °F)
40 0.004 0.698

160 43,2 0.092 16.06
360 62,2
460 68.2
535 72.6 0.207 36.13
660 77.8
760 81.2 0.222 38.74
860 84,2
960 86.8 0.234 40.84
1060 89.0
1160 91.1 10.245 42.76
1260 92.4

Reference: D-16i03-1, Thermophysical Properties of Materials,
G. Belleman, March 1961. '

TABLE A4. 2024-0 ALUMINUM (p = 172.8 lb/ft3)

oc

Temperature k Cp %
°R) (Btu/hr ft °F) (Btu/1b °F) (Btu/ft> °F)
160 53,57 0.08 13.82
535 111.46 0.21 36.29
660 111.46
760 111.46 0,225 38.88
860 111.46
960 111.46 0.240 41,47
1060 111.4
1160 111.46 0.250 43.20
1260 111.46

Reference: D-16103-1, Thermophysical Properties of Materials,
G. Belleman, March 1961.
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TABLE AS5. MULTILAYER INSULATION BLANKETS

Substrate Effective

Temperature Conductance
(°R) (Btu/hr ftZ °R)

437 1.073 x 1073

478 1.312 x 107

512 1.562 x 1073

560 1.993 x 1073

10 layers Aluminized Mylar
1/4 mill mylar
270 £ aluminum film
aluminized both sides
10 layers silk aet
skip bonding fabrication

velcro hook and pile attachment
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TABLE A6. RADIATIVE PROPERTIES

Measured Properties

Predicted Properties s d

Surface ™ € g s ‘s *RT
Flat Black 0.96 0.88
on 2024-0 0.962 - 0.038 0.841
6061-T6 0.967 - 0.033 0.843
7075-T6 0.967 - 0.033 0.875
B-1060 0.193 0.896
on 2024-0 0.184 0.014 0.802 0,894
6061-T6 0.184 0.015 0.801 0.892
7075-T6 0.181 0.012 0.807 0.905
Aluminum
Chem Cleaned 0.160 0.060
2024-0 0,308 0.220 0.472 0.055
6061-T6 0.349 C.182 0.469 0.052
0.241%
7074-T6 0.229 0.431 0.340 0.040
Aluminized
Mylar 0.160 0.060
I ‘ 0.215 0.703 0.082 6.048
11 0.174 0.761 0.065 0.041

* Value inferred as a result of the prototype test results
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ATPENDIX B
RADIATION INTERCHANGE FACTOR MATRIX

This appendix presents the radiation interchance factors calculated
for the prototype vehicle without multilayer insulation.

The first column of the table indicates the nodal designation used
in the Radiative Interchange Factor Program while the next column indi-
cates designations corresponding to nodal locations in the Thermal
Analyzer Progiam. The third column indicates nodal surface area in
square inches.

Only half of the total matrix is presented due to symmetry which
allows a calcula:tion of the other elements from

Ay

F31= R; Fij

Radiation connectors are required for the thermal analyzer program
only for the non-diagonal, non-zero, elements of the half matrix shown.

As radiative prcperties and relative geometry were preserved, this
same matrix of interchange factors was used for the half scale model.
The only adjustment required for the half scale was in the emissivity f
the sun facing polished aluminum upper closure. This required chauging
the view factors to space (node 200) from nodes 79, 80, 81 and 82,
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APPENDIX C

RADIATION INTERCHANGE FACTOR MATRIX
(with multilayer insulation)

This appendix presents the ra'’iation interchange factors calculated
for the prototynme vehicle with multilayer insulation.

For those exterior surface nodes covered by insulation, the covering
insulation ncde has been designated by adding one hundred to the surface
node Jdesignation. F:uace, surface nodes 62-69 and 71-82 are covered by
insulation nodes 162-169 and 171-182.

As radiative prouperties and relative geometry were preserved, this

same matrix of interchange factors was used for the insulated half scale
model.
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APPENDIX D

CONVERSION FACTORS

INTERNATIONAL SYSTEM OF UNITS

Quantity

Length
Angle
Mass

Temperature

Density

Pressure
Specific Heat

Thermal Conductivity

Power

Energy Flux

1

English

inch
foot

degree

1b
m

RO

3
1bm/ ft

3
lbm/ft

2
lbf/in

o

Btu/lb_ "R
m

Btu/hr ft °r
1 Btu—in/ft2 sec

Btu/sec

Btu/hr ft2

243

International

2.54 cm
0.3048 m

0.0174 radians

0.4536 Kg

0.555 X°
0.0160 gm/cm3

16.018 Kg/m3
6894.7 n/m2
4,184 Joules/gm °k

0.0173 Watts/cm °K

%R 518.87 Joules/m sec °K

1054.35 Watts

0.3152 Watts/mz



